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Executive Summary 
Since natural and artificially-initiated (or ‘triggered’) lightning are demonstrated hazards to the launch of space 
vehicles, the American space program responded by establishing a set of Lightning Launch Commit Criteria 
(LLCC), and associated Definitions, to mitigate the risk. The LLCC applied to all Federal Government ranges, 
and similar Lightning Flight Commit Criteria (LFCC) have been adopted by the Federal Aviation 
Administration (FAA) for application at commercially licensed launch sites (spaceports). With the present 
revision, the Federal ranges agreed to adopt the FAA format and structure but will revert to using the term 
LLCC to distinguish their criteria from those of the FAA. 


The LLCC and Definitions have been developed, reviewed, and approved over the years of the American 
space program, progressing from relatively simple rules in the mid-twentieth century (that were inadequate) to 
a complex suite for launch operations in the early 21* century. During this evolutionary process, a “Lightning 
Advisory Panel (LAP)” of top American scientists in the field of atmospheric electricity was established to 
guide it. Details of this process are provided in a companion document entitled “A History of the Lightning 
Launch Commit Criteria and the Lightning Advisory Panel for America’s Space Program” which is available 
as NASA Special Publication 2010-216283. 


As new knowledge and additional operational experience have been gained, the LLCC have been updated to 
preserve or increase their safety and to increase launch availability. All launches of both manned and 
unmanned vehicles at all Federal Government ranges now use the same rules. This simplifies their application 
and minimizes the cost of the weather infrastructure to support them. Vehicle operators and Range safety 
personnel have requested that the LAP provide and maintain a detailed written rationale for each of the LLCC 
so that they may better understand and appreciate the scientific and operational justifications for them. This 
revised document provides updated rationales including changes to the LLCC that have been recommended 
since the original rationale document was published as NASA Technical Publication 2010-216291 in 2010. 
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Preface 
Natural and triggered lightning are demonstrated hazards to the launch of space vehicles, and the American 
space program has responded by establishing the “Lightning Launch Commit Criteria (LLCC)” to mitigate the 
risk. These LLCC are a complex set of rules with associated Definitions which must be satisfied before the 
launch of a space vehicle is permitted. The Definitions are an integral part of the LLCC and the term LLCC, as 
used in this document, is explicitly intended to include those Definitions. They apply to all Federal 
Government ranges including not only the well-known Eastern Range at Cape Canaveral, Florida, and the 
Western Range at Vandenberg AFB, California, but also smaller ranges such as the NASA range at Wallops 
Island, Virginia, the Air Force range at Kwajalein Atoll in the Pacific Ocean, and others. An earlier version of 
these rules currently applies to all spaceports operating under the jurisdiction of the Federal Aviation 
Administration (14 CFR 417). 


The LLCC are developed and approved through a complex process, but the core science and recommendations 
for precise wording of the operative parts of the rules are provided by a “Lightning Advisory Panel (LAP)” 
consisting of American scientists working in atmospheric electricity and related disciplines including dynamic 
meteorology, cloud physics, and statistics. The LAP works closely with the operational personnel who must 
implement the LLCC in practice to assure that the rules are not only scientifically sound, but also realistic and 
practical. The details are provided in a companion document entitled “A History of the Lightning Launch 
Commit Criteria and the Lightning Advisory Panel for America’s Space Program” which is available as 
NASA Special Publication 2010-216283. 


As the LLCC have become more complex, launch vehicle operators, range managers, and safety personnel 
have continuously requested briefings and discussions on the origin of the rules and the rationale behind them. 
The original rationale document entitled "Rationales for the Lightning Flight-Commit Criteria" (NASA/TP- 
2010-216291, October 2010) was prepared by the LAP to provide the scientific, mathematical, and operational 
basis for the current LLCC. The present document updates its predecessor to cover changes to the LLCC that 
have been recommended since 2009. Since these rationale documents are intended to be used by the launch 
operators and launch weather officers in properly implementing and interpreting the LLCC for operations, it is 
essential that the applicable version of the rationale document be used. This revision only applies to LLCC 
recommendations formally presented by the LAP in August 2014. If a launch facility is using an earlier 
version of the LLCC, it should use the original 2010 version of this document. It is hoped that future revisions 
of the LLCC will continue to be accompanied by corresponding updates to these rationales. 
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Chapter 1 Introduction 


This updated "Rationale Document" continues a project to explain the rationale behind the contemporary 
version of the LLCC, as crafted and recommended by the LAP. The original Rationale Document (Willett and 
Merceret et al., 2010) lays out the scientific and practical reasons for the then-current requirements and 
structure of the LLCC. Its companion "History Document" (Merceret and Willett et al., 2010) recounts the 
origins and evolution of those LLCC and of the weather-support organizations and infrastructure used to 
implement and verify them at the Eastern Range. Also covered there are the purpose, history, and function of 
the LAP, which developed and recommended those LLCC. The History Document catalogs all significant 
versions of the LLCC since the Apollo Program, with particular emphasis on the period since the 
Atlas/Centaur 67 (AC 67) accident in 1987. 


The only previous formal attempt to present a rationale for the LLCC was Heritage (1988), the report of the 
"Heritage Committee's" investigation of weather conditions surrounding the destruction of AC 67 and its 
recommendations for avoiding future triggered-lightning accidents. That report gives a comprehensive review 
of cloud electrification, natural and triggered lightning, and launch-vehicle electrification, as they were 
understood at the time; reviews the contemporary launch rules and associated instrumentation; presents 
recommended LLCC and their scientific rationale (see especially their Chapter 7); and recommends further 
research to resolve important unknowns. The Heritage Committee report makes excellent background reading. 


The present updated Rationale Document focuses on only one version of the LLCC, the 20 August 2014 LAP 
recommendation [reference not available], because that is the most recent version actually drafted and 
recommended by the LAP. In contrast to FAA convention, as well as the convention used throughout the 
original Rationale Document, this set of rules is referred to herein as the Lightning Launch Commit Criteria 
(LLCC). This is done both to conform to usage at the Federal ranges and to distinguish their content from that 
of the FAA LFCC. As a NASA managed product, the document title has been modified to accurately depict 
the NASA usage of these rules. The original Appendices except Appendix 2, "Spatial and Temporal Intervals 
between Lightning Discharges," have been copied over from the original with only minimal copy editing. 
(Appendix 2 has been substantially revised to include a new data analysis and in the process has been brought 
in line with the new terminology. The two new Appendices 10, "Physical and Statistical Basis for MRR," and 
11 "Sample State Tables," conform to the new nomenclature convention.) 


In this latest iteration the LAP attempted to adhere more closely to FAA format and structure by starting with 
the current FAA version (14 CFR 417.113 and associated Appendix G), while retaining the preferred 
NASA/USAF terminology, which accommodated the FAA format for accurate export to the CFR. Thus the 
structure of the present LLCC is rather different from the previously published LLCC, although their content 
has changed more modestly. Another major change herein is the substitution of a new radar parameter, 
"Maximum Radar Reflectivity (MRR)," for the previous Volume-Averaged Height-Integrated Radar 
Reflectivity (VAHIRR) parameter. 


Following this "Introduction," the chapter entitled, "Rationale," quotes each rule and definition individually, 
followed immediately by a compact and relatively non-technical explanation and justification for that rule or 
definition. Each of these ‘rationales’ cites either direct references to the scientific literature or, where more 
explanation is required, one or more of the eleven appendices at the end of this updated Rationale Document, 
the last two of which are new. The Rationale is directed at the Launch Weather Team and at the engineers and 
managers who are responsible for vehicle and payload operations. The supporting appendices are designed to 
give more detailed background information to curious and scientifically inclined readers. 


The Necessity for LLCC. The hazards of lightning to aircraft and spacecraft are well known and well 
documented as summarized, for example, by Plumer and Robb (1982), Uman and Rakov (2003), and 
Walterscheid et al. (2010, Section 2.3); and by Chemartin et al. (2012), Parmantier et al. (2012), and related 


articles in the same issue of AerospaceLab Journal. For most spacecraft, the penalties in added cost and weight 
of hardening against these hazards are too great, so the only option is avoidance. 


It is now also well known that most lightning strikes to aircraft and spacecraft in flight are ‘triggered’ in the 
sense that they are initiated by the rapid penetration of a large conducting object into a region of high ambient 
vector electrostatic field. (See Section A5.1 of Appendix 5, "Conditions for Triggered Lightning," for further 
details.) As such they usually occur in clouds that are not producing natural lighting and are therefore difficult 
to predict. The main purpose of the LLCC is to avoid conditions in which the launch vehicle might trigger 
lightning. 


Structure of the LLCC. The LLCC were originally developed for NASA and USAF launches. In order to assist 
the FAA in adapting the rules for their purposes, the NASA/USAF LLCC have been re-structured to include 
incorporation of the CFR numbering nomenclature (i.e., “G417.X”’). Additionally, to ensure minimal technical 
changes of the LLCC during export to the FAA CFR LFCC, the LLCC definitions were modified to meet the 
conventions of the CFR by removing any explanations, examples, or requirements for making or applying the 
measurements that they define. Therefore 


1) All explanatory material and examples have been removed from the definitions and are included in 
the rationales given in the present document. For example, elaboration of the definition of "associated" has 
been moved out of the definition and into the corresponding rationale. 


2) All measurement and application requirements have been removed from the definitions and are 
included in the rules themselves. For example, the requirement that the convective cloud that produces an 
anvil cloud must have a top colder than or equal to -10 degrees Celsius has been moved out of the definition of 
"anvil cloud" and into the Attached- and Detached-Anvil Clouds rules. More generally, this has resulted in a 
new rule, G417.25, "Measurement of Cloud Radar Reflectivity, Computation of MRR, Measurement of 
Electric Field, Determination of Non-Transparent Cloud Boundaries, and Determination of Slant Distance 
from Lightning,” that is the vehicle for many of these detailed requirements. 


The logical structure of these LLCC was deliberately organized in a particular overall design. In order to be 
self-contained, they now begin with a new "Preamble" that incorporates and expands upon the three essential 
application requirements in 14 CFR 417.113(c), followed by updated versions of the detailed rules from 
Appendix G of that regulation. The "General" section, G417.1 from the Appendix, spells out additional FAA 
requirements on launch operators. We hope and expect that our improvements in the Preamble will be 
incorporated into the next iteration of 14 CFR 417.113(c). 


The "Definitions," G417.3, immediately follow the General section, before the rules themselves, to emphasize 
that this set of definitions is an integral part of the LLCC and that the rules cannot be understood or applied 
properly without them. Definitions are provided for technical terms (e.g., bright band) as well as for terms that 
have non-standard meanings in the LLCC (e.g., non-transparent). 


Within the set of rules, the "Lightning" Rule, G417.5, now comes first because natural lighting, in addition to 
being a hazard in itself, is the best indirect indicator of high vector electrostatic fields aloft that might cause a 
launch vehicle to trigger lightning. The "Surface Electric Fields" Rule, G417.7, comes next because it is the 
only one that refers to measurements of a physical parameter (electric field) that is directly related to the 
triggering process. Then come several rules specific to individual cloud types such as convective clouds and 
their byproducts, disturbed weather, stratiform clouds, and smoke plumes. These specify the meteorological 
conditions that are known to present a triggered-lightning hazard. The "Triboelectrification" Rule, G417.23, is 
placed last because it is concerned with ‘electrostatic discharge’ on or inside the vehicle, a lesser threat than 
triggered lightning but one that can still damage a spacecraft that has not been hardened against it. (Note that 
there is currently no rule in the LLCC requiring the avoidance of volcanic plumes because their intrinsic 


electrification is still not well understood and the electrical effects of impacts between their particles and a 
launch vehicle are unknown. Nevertheless, the prudent operator would avoid penetrating such plumes as 
required by the 'Good Sense Rule' in the Preamble.) 


At this point some explanation of the terminology used in discussing electric fields in this updated Rationale 
Document is necessary, as illustrated in the preceding paragraph. "Vector electrostatic field," sometimes 
preceded by "ambient," represents the generic usage of the term as found in physics textbooks. On the other 
hand, "electric field" denotes the usage defined in Section G417.3, "Definitions," and specific to these LLCC. 


"Vector electrostatic field" denotes the three-dimensional vector field that applies a force to a small positive 
(‘test’) charge in the direction of the vector field and equal to the product of the field magnitude and the 
magnitude of the test charge. (A negative charge would feel a force in the opposite direction.) This vector 
field can be in any direction, but when measured close to the surface of the earth (or that of any flat, horizontal 
conductor), it is normally vertically oriented, either upward (as under a negatively charged cloud) or 
downward (as beneath positive charge). Thus the vertical component of the vector is positive (upward) or 
negative (downward), respectively, while the horizontal components are near zero. 


In contrast, "electric field" only has meaning near the surface of the earth and is a scalar quantity equal and 
opposite to the vertical component of the "vector electrostatic field" at the same location. Thus "electric field" 
is negative under a negatively charged cloud and positive beneath positive charge. In this updated Rationale 
Document the LLCC-defined meaning of electric field will be distinguished from the generic (physics) 
meaning by this difference in terminology. As noted above, however, Appendices | and 3 through 9 have 
been copied directly from the original Rationale Document without modification, so this usage has not been 
enforced therein. Because of this and some changes in Section G417.3, "Definitions," the explanation of the 
sign convention early in Appendix 1, "Measurement and Interpretation of Surface Electric Fields," may be 
inconsistent with the terminology used in the updated portions of this Rationale. 


A closely related term also found in physics textbooks and used in some of the appendices to this document is 
"electrostatic potential gradient,” which is defined as the mathematical, not the meteorological, (vector) 
gradient of the electrostatic potential and is equal in magnitude and opposite in direction to the vector 
electrostatic field. Unfortunately, when referring to conditions near the surface of the earth, a scalar "potential 
gradient" has often been conflated with "electric field" in the historical literature on atmospheric electricity, 
leading to inconsistencies with physics terminology and with the modern literature. In these LLCC and 
updated Rationale "potential gradient” near the surface is indeed identical with "electric field" but, as stated 
above, is opposite in sign to the vertical component of the vector electrostatic field. 


Within G417.11, "Attached Anvil Clouds," G417.13, "Detached Anvil Clouds," G417.15, "Debris Clouds," 
and G417.9, "Cumulus Clouds," the order of the sections has been reversed from the earlier greatest-to-least- 
standoff-distance arrangement to place the least standoff distance (through the cloud, or through or within 3 
nautical miles of the cloud) first. This re-ordering, together with new definitions of "horizontal distance" and 
"slant distance," is intended to clarify the distinction between penetration of ("through") and standoff distances 
from (e.g., "between 0 and 3 nautical miles from") the cloud without the former lengthy discussion of distance 
measurements. 


A smaller change in the language regarding time after lightning has also been made in the two anvil rules (e.g., 
from "must not launch... for the first 30 minutes after the last lightning discharge" to "must wait to launch for 
30 minutes after every lightning discharge") to eliminate the need for clarifying language (e.g., "if there has 
never been lightning in or from the parent cloud or anvil cloud, subsections... shall be considered satisfied, but 
sub-section... shall still apply"). 


It is worth noting that most individual rules are designed to cover only a particular type of threat. Therefore it 
is only by evaluating all of the rules simultaneously that all known threats can be avoided. A more subtle point 
is that certain rules are designed with the implicit assumption that other rules are satisfied. As one example, the 
"Attached Anvil Clouds" Rule, G417.11, (which was developed to provide some relief from the previous, 
more restrictive requirement to consider an attached anvil as part of its parent cumulonimbus cloud) depends 
on the simultaneous satisfaction of the "Cumulus Clouds" Rule, G417.9, to prevent flight too close to its parent 
cumulonimbus cloud. 


The individual rules themselves also have a deliberate structure that may not be immediately intuitive. In most 
cases each section of a rule is written to cover only one non-overlapping range of standoff distance and/or 
waiting time. For example, Section (c) of the "Detached Anvil Clouds” Rule, G417.13, applies only to the 
volume of space between 0 nmi and 3 nmi outside the cloud during the time interval between 30 minutes and 3 
hours after the last lightning. The purpose of this complicated architecture is to eliminate redundancy or 
contradiction between different sections of that rule. Redundancy, and especially contradiction, can lead to 
confusion and possibly error on the part of the Launch Weather Team (LWT). For more about this issue and 
the techniques that the LAP has used to address it, see Merceret and Willett (2010, Section 5.5.1, Chapter 7, 
and Appendix II). 


A final point worth mentioning is that several of the rules (especially the "Detached Anvil Clouds" Rule) have 
become very complex. This complexity is an inevitable consequence of efforts to increase launch availability 
without compromising safety and has two primary causes: 1) Over time new exceptions have been added that 
often require additional measurements to verify. 2) The original rule provisions have been retained for ranges 
and/or conditions where those exceptions cannot be evaluated. 


In order to better illustrate the structure of four of the most complex rules, charts (so-called "state tables") have 
been included in Appendix 11, "Sample State Tables." These charts are described further in that appendix. 


‘Legacy’ Provisions in the LLCC. There are a number of provisions in these LLCC that were adopted without 
change from versions of the LLCC that had been written before the LAP was organized. One important source 
of such provisions was Heritage (1988). For example, Section (b) of the current "Surface Electric Fields" Rule, 
G417.7, states: 


"A launch operator must wait 15 minutes to launch after the absolute value of any electric field 
measurement at a horizontal distance of less than or equal to 5 nautical miles from the flight path 
has been greater than or equal to 1000 V m’, unless..." 


The same 15 minute and 5 nmi limits with respect to "electric field measurements" also appear in a number of 
other rules. These contemporary provisions reflect those in an exception to Constraint II of the original 
Heritage-Committee proposal: 


"...1f, in the 15 minutes prior to launch time: a. The electric field intensity at the ground (for ranges 
that have a ground field mill system) has remained below 1 kV/m within 5 nmi of the launch pad; 
and..." (Heritage, 1988, page 7-3). 


No specific rationale for these 15 minute and 5 nmi limits was provided by Heritage (1988). 


Such legacy provisions have been justified herein to the extent possible, with the understanding that no 
experiments have been done specifically to substantiate them. They have been reviewed repeatedly by the 
LAP; and they have been found consistent with existing knowledge, are believed safe and not overly 
conservative, but often have relatively little data that directly supports their validity. In rationales following the 


rules that are quoted below, such legacy provisions are indicated explicitly by reference to the relevant rule 
sections. 


On the General Applicability of the LLCC. Direct relationships between observable parameters from which 
statistical uncertainties can be determined are usually not possible in storm electrification studies due to the 
lack of sufficient measurements. Much of the data on which statistical analyses have been based in order to 
derive certain specific criteria in the LLCC (e.g., the maximum-radar-reflectivity exceptions) were collected 
over the Kennedy Space Center (KSC) and Eastern Range (ER). Thunderstorm electricity within convective 
clouds, attached or detached anvils, and debris clouds varies widely across different climate zones and seasons. 
Consideration has been given to some of these known or expected variations in deriving the LLCC, but 
uncertainty remains in the application of specific standoff distances, waiting times, radar reflectivities, etc. in 
geographic regions other than the KSC/ER. 


At the onset of the development of convective clouds, the time needed for electrification to begin varies greatly 
among clouds in different regimes. Thermodynamic properties of the air mass or its source region, character of 
the underlying surface, and cloud physical properties of the developing convection due to aerosol type and 
availability are basic ingredients which differ with season and region. The time for the initial electrification to 
reach hazardous values depends in part on the available convective energy (for updraft potential), the evolving 
cloud drop-size distribution (for electrification mechanisms), and the background wind shear (for entrainment, 
detrainment, and the overall cloud development). Relating this timing to particular values of radar reflectivity, 
for example, is probably only meaningful for clouds developing within similar meteorological environments. 
Despite all that has been learned about initial electrification (see Appendix 3, "Cloud Electrification," and 
Stolzenburg and Marshall, 2008) and incorporated into the LLCC, determining whether a particular cloud will 
electrify to hazardous levels or make lightning remains a very difficult task. 


Near the end of a storm, the decay of high vector electrostatic fields can extend over varying durations after the 
last lightning flash. The electrical dissipation rates are different in different clouds primarily because of different 
precipitation rates, particle size distributions, amounts of entrainment, and vertical velocity structures, but they 
also depend on the overall electrical profile of the decaying storm [e.g. Stolzenburg et al., 2001; Marshall et al., 
2009]. As occurs in precipitating stratiform clouds, under certain conditions active charge separation may persist 
in very weak updrafts or when aggregates descend through the melting level (see section A3.83 in Appendix 3, 
"Cloud Electrification,” section A4.0 in Appendix 4, "Electrical Aspects of Stratiform Clouds," and Stolzenburg 
and Marshall, 2008). Debris clouds have not been adequately studied in most locations, which may limit the 
applicability of criteria derived from data at the KSC/ER to other regions. 


Anvil clouds, particularly detached anvils, are known to have varying durations of strong vector electrostatic 
fields. How long a cloud remains electrified, and over what area hazardous electrical conditions exist, depend 
partly upon internal kinematics, electrical dissipation, and particle size distributions [Willett and Dye, 2003; 
Stolzenburg et al., 2010; Appendix 6, "Electrical Properties and Decay of Electric Fields in Cloudy Air"]. Charge 
separation and rearrangement can also take place in anvil clouds under certain conditions [Dye and Willett, 
2007; Weiss et al., 2012]. For example, data from New Mexican mountain storm anvils indicate that screening 
layers around the cloud edge can interact with existing internal charge regions, leading to increased vector 
electrostatic fields inside the anvil despite the absence of the usual ingredients for graupel-ice charging 
[Stolzenburg et al., 2010]. This effect has not been observed in the anvils studied at the KSC/ER. Full account 
of the many electrical variables that are relevant for anvil clouds in different geographic regions, seasons, and 
climates is not presently possible. 


Thus it should be noted that, even though a wealth of knowledge has been applied and due consideration has 
been given to seasonal and regional variability in developing the LLCC, it is not yet possible to have the same 
level of statistical confidence in regions outside the KSC/ER. 


Beyond the LLCC. In retrospect it is evident that poor LLCC evaluation processes and training were more to 
blame for the AC 67 accident than faulty LLCC. If the existing (very deficient) LLCC had been more 
rigorously evaluated, the LWT would not have approved the launch of AC 67. National Transportation and 
Safety Board and military accident-investigation boards typically conclude that an accident’s root cause was 
operator/pilot/driver error rather than technology. The responsibility of scientists and engineers is often to 
ensure the science or technology is good to the 3- or 4-sigma level, but the managers who implement the 
technology don’t always understand the assumptions required for proper implementation. It is hoped that this 
Rationale Document will be of some help in that regard. 
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Chapter 2 Rationales 


As stated in Chapter 1, this chapter quotes each rule and definition individually, followed immediately by a 
compact and relatively non-technical explanation and justification for that rule or definition. The actual text for 
each LLCC begins a new page and is given in italics. (A few non-substantive typographical changes have been 
made to improve readability.) Each rationale cites either direct references to the scientific literature or, where 
more explanation is required, one or more of the eleven appendices at the end of this updated Rationale 
Document. 


Preamble 


The launch safety rules include launch-commit criteria that identify each condition that must be met in order 
to launch. These include criteria for trained weather personnel to monitor the meteorological conditions and 
implement each launch constraint developed using the following Natural and Triggered Lightning Launch 
Commit Criteria. The launch operator must have clear and convincing evidence that none of these criteria is 
violated at the time of launch. Whenever there is ambiguity about which of several LLCC applies to a 
particular situation, all potentially applicable LLCC must be applied. If any other hazardous conditions exist, 
other than those identified below, the launch weather team will report the hazardous condition to the final 
approval authority for launch, who will determine whether launching would expose the launch vehicle to a 
lightning hazard and not launch in the presence of the hazard. 


Rationale for Preamble: 


"Trained weather personnel" are essential to the safe and accurate evaluation of the LLCC. The layman or 
professional engineer cannot be expected to correctly distinguish among the various cloud types and other 
meteorological conditions that are described in these rules. As one example, consider the rationale for the 
definition of "precipitation" in "Definitions," G417.3, which says in part, 


"For visual observations from an aircraft, the mere presence of water on the windscreen in cloud does 
not suffice to constitute detection of precipitation since cloud droplets can cause visible wetting 
similar to small precipitation droplets. The launch weather team should discuss such observations with 
the airborne observer and decide whether they constitute detection of precipitation based on the total 
context of the observations, including the synoptic environment and radar data." 


The primary justification for the "clear and convincing evidence" requirement is based on AC 67 
investigations, which strongly suggested (as confirmed by subsequent analyses of past missions with actual or 
near miss events) that deficient LLCC-evaluation processes are as much a hazard as deficient LLCC 
themselves [see also Merceret and Willett (2010, Section 5.0.4 and Chapter 7)]. The core problem arises when 
the available data are inadequate for determining whether the LLCC are satisfied. There are two possible ways 
to proceed under such ambiguity: 


1. Since the data do not prove that the LLCC are not violated, there is no relief from the LLCC 
constraint to launch and weather is 'red.' This may be called “Prove It's Safe.” It is the preferred 
approach and the one that is used in the current LLCC. 

2. Since the data do not prove that the LLCC are violated, there is no LLCC constraint to launch and 
weather is ‘green.’ This may be called the “Prove It's Dangerous” approach. 


For AC 67 the Launch Weather Team (LWT) adopted the “Prove It's Dangerous” approach. The LWT did not 
have the radar data and aircraft reconnaissance data needed to determine the cloud temperature and cloud 
thickness along the flight path and thus to assess the contemporary predecessor of the current "Thick Cloud 
Layers" Rule, G417.19. Instead they tried to infer both parameters from a very poor tertiary source —balloon 
data--which required the LWT to make several very risky assumptions to evaluate the LLCC. Using approach 
#2 above, since the available data, including balloon data, were insufficient to prove that the "Thick Cloud 
Layers" Rule was violated, the vehicle was cleared for launch. The gamble failed: AC 67 triggered lightning, 
went out of control, and was destroyed. The purpose of the clear and convincing evidence requirement is to 
compel adoption of approach #1 above, “Prove it's Safe.” 


The safety of the LLCC is critically dependent on the requirement that "none of these criteria is violated at the 
time of launch." This is because most individual rules are designed to cover only a particular type of threat 
and because the lightning hazard is determined by the weather conditions during ascent of the launch vehicle 


through those conditions. Only by evaluating all of the rules simultaneously at time of launch can all known 
threats be avoided. A more subtle reason for this requirement is that some of the rules have been designed with 
the assumption that all other rules are satisfied. As mentioned in Chapter 1, one example is the dependence of 
the "Attached Anvil Clouds” Rule, G417.11, (which was developed to provide some relief from the previous, 
more restrictive requirement to consider an attached anvil as part of its parent cumulonimbus cloud) on the 
simultaneous satisfaction of the "Cumulus Clouds" Rule, G417.9, to prevent flight too close to the parent 
cumulonimbus cloud. Another example may be found in the relatively complex maximum-radar-reflectivity 
(MRR) exceptions to the "Anvil Clouds" and "Debris Clouds" Rules. These exceptions are based on a 
statistical analysis of data that specifically excluded cases that were close to convective cores or recent 
lightning, on the assumption that the "Cumulus Clouds" and "Lightning" Rules will always be satisfied. 
Therefore these statistics may not be applicable to cases that violate the "Cumulus Cloud" and/or "Lightning" 
Rules. (In this example the corresponding requirements in new section G417.25(b)(3) are intended to 
emphasize the restricted applicability of these exceptions.) 


Because of the inherently subjective nature of many meteorological observations, a clear distinction cannot 
always be drawn between all of the various meteorological conditions that are defined in the LLCC. Thus, 
there will often be weather situations where more than one rule could be applied. Since it is not possible in 
such situations to determine which is the applicable rule, safety requires that all potentially applicable rules be 
satisfied at the time of launch. (Although this requirement has long been part of the NASA/USAF LLCC, it is 
not currently included in 14 CFR 417.113(c).) 


The "Surface Electric Fields" Rule, G417.7, is an interesting exception to the above statement that "most 
individual rules are designed to cover only a particular type of threat." This rule is intended to add another 
layer of protection to that provided by the other rules for individual cloud types by attempting to detect the 
fundamental physical hazard -- an elevated vector electrostatic field aloft that might be capable of triggering 
lightning. A ground-based field-mill network is thus an important example of an instrumentation system that 
increases safety beyond that possible with visual and meteorological observations alone. 


The so-called 'Good Sense Rule’ ("If any other hazardous conditions exist, other than those identified below, 
the launch weather team will report the hazardous condition to the final approval authority for launch, who 
will determine whether launching would expose the launch vehicle to a lightning hazard and not launch in the 
presence of the hazard") is intended to emphasize that the ultimate responsibility for triggered-lightning safety 
lies with the LWT and the launch operator. Instead of mechanically applying the written rules, these officials 
must focus on the detection of all hazardous weather conditions. This clearly includes the evaluation of all 
available data in the decision-making process. [Even though the contemporaneous Shuttle version of the 
"Surface Electric Fields" Rule was not strictly applicable to the AC 67 launch, if the LWT had taken the 
existing field-mill readings seriously, they would not have been green for weather -- see Merceret and Willett 
(2010, Sections 4.0 and 4.3.2).] Although every effort has been made to assure that the LLCC are safe, there 
are some aspects of cloud electrification, decay of ambient vector electrostatic fields, and lightning physics 
that are not completely understood. Therefore a small possibility exists that the present LLCC will not 
adequately protect against all unusual or previously unrecognized hazards. 
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G417.1 General 


These are the launch commit criteria for mitigating against natural lightning strikes and lightning triggered by 
the flight of a launch vehicle through or near an electrified environment. A launch operator may not launch 
unless the weather conditions satisfy all of these Natural and Triggered Lightning Launch Commit Criteria 
(LLCC). 

(a) In order to meet the LLCC, a launch operator must employ any: 

(1) Weather monitoring and measuring equipment needed, and 
(2) Procedures needed to verify compliance. 

(b) When equipment or procedures, such as a field mill or calculation of the maximum radar reflectivity 
(MRR) of clouds, are used with the lightning launch commit criteria to increase launch opportunities, a 
launch operator must evaluate all applicable measurements to determine whether the measurements satisfy 
the criteria. A launch operator may not turn off available instrumentation to create the appearance of 
meeting a requirement and must use all radar reflectivity measurements within a specified volume for a 
MRR calculation. 

(c) If a launch operator proposes any alternative lightning launch commit criteria, the launch operator must 
clearly and convincingly demonstrate that the alternative provides an equivalent level of safety to that 
required here. 


Rationale for G417.1 General: 


In general, 14 CFR 417.113(c) does not require launch operators to provide or install specific observations or 
measurement systems. A network of electric field mills, as important as it is to flight safety, is a case in point; 
so the "Surface Electric Fields" Rule is written to apply only when such measurements are available. However, 
in the absence of certain measurements, such as lightning-location data, many of the provisions of the LLCC 
cannot be shown to be satisfied. In some cases, this may mean that the launch operator must assume that a 
constraint is violated, hence must not launch. For example, in the absence of any means of detecting and 
locating lightning -- at minimum a trained weather observer with good visibility and acoustic conditions -- the 
"Lightning" Rule, G417.5, must be assumed to be violated. In other cases lack of data can result in the inability 
of the launch operator to take advantage of available relief from many constraints. For example, the exception 
G417.5(a)(3) to the "Lightning" Rule requires a working field mill within 5 nautical miles of the lightning 
flashes described in G417.5(a). Implicit in this exception (and all similar field-mill exceptions throughout 
these LLCC) is that at least one field mill is within 5 nautical miles of the flight path. If the launch operator 
wishes to take advantage of the relief provided by G417.5(a)(3), he must employ one or more field mills in 
addition to some method of accurately locating the lightning. If those capabilities are not available, then the 
relief provided by that exception is not available. G417.1(a) means simply that, if the launch operator wishes 
to be able to satisfy a constraint or to take advantage of an exception, he must be able to make all of the 
measurements required to clearly and convincingly demonstrate that specific constraint or exception is 
satisfied. 


G417.1(b) goes further than G417.1(a) in requiring that, if a specific observation system is available, for 
example to take advantage of exceptions to one or more of the rules, then the measurements from that system 
must also be used when they restrict launch availability. The operator may not "cherry pick" data from a 
system when it permits launch but ignore data from that same system when it prohibits launch. For example, 
an operational field-mill network can allow an operator to take advantage of several other exceptions besides 
that mentioned above (i.e., G417.9(e)(3), G417.13(c)(2)G)(B), and G417.15(d)(1)Gi)) when measured fields at 
specified locations are low enough, but that same network can also prohibit launch through G417.7, "Surface 
Electric Fields," when field measurements near the flight path are too high. If field mills are available, they 
must be used in the latter case as well as the former. 
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The FAA, as a matter of policy, allows launch operators to propose alternative methods of accomplishing the 
safety goals of the LFCC. G417.1(c) is provided to assure that any such alternative does not result in increased 
risk to persons or property protected by the provisions of 14 CFR 417.113. In determining whether the launch 
operator has met the burden of presenting a clear and convincing demonstration, the FAA may consult subject- 
matter experts as required. This provision is retained in the LLCC for compatibility. 
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G417.3 Definitions 


Definitions are provided only for technical terms (e.g., “triboelectrification”’) and for terms that are used in 
non-standard ways (e.g., “associated’’). For all undefined terms, the Glossary of Meteorology [American 
Meteorological Society, Boston, MA, 2nd ed., 850 pp., 2000] applies. For the purpose of these LLCC: 


Rationale for G417.3 Definitions 

There must be no ambiguity about the meaning of technical terms used throughout these LLCC. Nevertheless 
it is impractical to define every term used. Therefore, the Glossary of Meteorology is specified as the source 
for all definitions not explicitly included herein. 
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Anvil Cloud 


Anvil cloud means a stratiform or fibrous cloud formed by the upper-level outflow or blow-off from a 
thunderstorm or convective cloud. 


Rationale for Anvil Cloud 

This definition differs significantly from that in the Glossary of Meteorology (2000), quoted below. "Anvil 
cloud" is defined differently in these LLCC in order to distinguish this part from the convective core of the 
storm where rapid electrification can occur and from which charge is transported into the anvil. See the 
rationale for the "Cumulus Clouds" Rule, G417.9, and Section A3.1.3 of Appendix 3, "Cloud Electrification," 
for further details. 


Glossary Definitions 

“anvil cloud—The anvil-shaped cloud that comprises the upper portion of mature cumulonimbus 
clouds; the popular name given to a cumulonimbus capillatus cloud, particularly if it embodies the 
supplementary feature incus (from the Latin for anvil). 


incus—(Also called anvil, anvil cloud, thunderhead.) A supplementary cloud feature peculiar to 
cumulonimbus capillatus; the spreading of the upper portion of cumulonimbus when this part takes the 
form of an anvil with a fibrous or smooth aspect." 


Reference 


American Meteorological Society, 2000: Glossary of Meteorology, 2nd ed., American Meteorological Society, 
Boston, MA, 850 pp. 
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Associated 
Associated means two or more clouds are caused by the same disturbed weather or are physically connected. 


Rationale for Associated 

There are two distinct types of field-producing clouds: isolated clouds that grow because air is forced to 
ascend by surface heating, isolated terrain features, or downdraft-outflow boundaries from other storms; and 
clouds that form because of ascent forced by the influence of organized weather systems. Clouds that have 
been physically connected to isolated convective clouds are those intended by the use of "associated" in 
Section (b) of the "Thick Cloud Layers" Rule, G417.19. This is because physical connection creates a 
presumption of electrical connection. Clouds generated by organized dynamical systems are intended by the 
use of "associated" in the "Disturbed Weather" Rule, G417.17. 


The latter meaning of "associated" arose from the concept of "disturbed weather," and this concept is related to 
the post-Apollo XII cold-front rule (see Merceret and Willett et al., 2010, Section 3.0). Both the Apollo XII 
and the AC 67 incidents occurred during disturbed weather, and both occurred when the flight paths carried 
the vehicles though stratiform clouds associated with frontal systems where wide-spread rain was occurring. It 
is clear from these incidents that these associated clouds constitute a known and distinct threat. 


Clouds occurring at the same time are not necessarily associated. A cumulus cloud formed locally and a cirrus 
layer that is physically separated from that cumulus cloud and that is generated by a distant source are not 
associated, even if they occur over or near the launch point at the same time. 


Reference 

Merceret, F J., and J. C. Willett (Eds.), H. J. Christian, J. E. Dye, E. P. Krider, J. T. Madura, T. P. O'Brien, W. 
D. Rust, and R. L. Walterscheid, 2010: A History of the Lightning Launch Commit Criteria and the 
Lightning Advisory Panel for America’s Space Program, NASA/SP-2010-216283, 234 pp. 
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Bright Band 
Bright band means an enhancement of radar reflectivity caused by frozen hydrometeors falling and beginning 
to melt at any altitude where the temperature is 0 degrees Celsius or warmer. 


Rationale for Bright Band 

"Bright band" is defined here because it is a technical term essential to the Disturbed Weather Rule, G417.17. 
This definition is quite similar to that in the Glossary of Meteorology (2000), quoted below. Current thinking 
is that the high fields in a bright band are due to an inductive melting charging mechanism, but there are still 
questions about whether these fields are produced by a non-inductive, ice-graupel process or some other 
mechanism [see Section 3.8.3 of Appendix 3, "Cloud Electrification," Section A4.0 of Appendix 4, "Electrical 
Aspects of Stratiform Clouds," Battan (1973, pp. 190-195), Doviak (1993, section 8.5.3.2), and Rinehart 
(2004, Chapter 8)]. 


Glossary Definition 

"bright band—Radar signature of the melting layer; a narrow horizontal layer of stronger radar 
reflectivity in precipitation at the level in the atmosphere where snow melts to form rain. The bright 
band is most readily observed on range—height indicator (RHI) or time—height indicator (THD 
displays." 


References 

American Meteorological Society, 2000: Glossary of Meteorology, 2nd ed., American Meteorological Society, 
Boston, MA, 850 pp. 

Battan, L. J., 1973: Radar Observation of the Atmosphere (2nd Edition), Univ. of Chicago Press, 324 pp. 


Doviak, R. J., and D. S. Zrnic, 1993: Doppler Radar and Weather Observations (2nd Edition), Academic 
Press, San Diego, CA, 562 pp. 


Rinehart, R. E., 2004: Radar for Meteorologists (4" Edition), Rinehart Publications, Columbia, MO, 482 pp. 
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Cloud 
Cloud means a visible collection of suspended water droplets or ice particles, or a combination of water 
droplets and ice particles. The cloud is the entire volume containing such particles. 


Rationale for Cloud 

The new text brings the definition of "cloud" into better agreement with that in the Glossary of Meteorology 
(2000) and with customary notions of what constitutes a cloud. The simplified definition avoids conflicts 
when clouds are existent in the usual sense, but are nonexistent according to the rules. 


Glossary Definition 

"cloud—1. A visible aggregate of minute water droplets and/or ice particles in the atmosphere above 
the earth's surface. 

2. Any collection of particulate matter in the atmosphere dense enough to be perceptible to the eye, as 
a dust cloud or smoke cloud." 


Reference 


American Meteorological Society, 2000: Glossary of Meteorology, 2nd ed., American Meteorological Society, 
Boston, MA, 850 pp. 
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Cloud Layer 
Cloud layer means a vertically continuous array of clouds, not necessarily of the same type, whose bases are 
approximately at the same altitude. 


Rationale for Cloud Layer: 
This definition is similar to the Glossary of Meteorology (2000) definition of "cloud layer," see below, but has 
been included here because it is a technical term necessary to the definition of a "thick cloud layer." 


Glossary Definition 
“cloud layer—An array of clouds, not necessarily all of the same type, with bases at approximately 
the same level. It may be either continuous or composed of detached elements." 


Reference 
American Meteorological Society, 2000: Glossary of Meteorology, 2nd ed., American Meteorological Society, 
Boston, MA, 850 pp. 
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Cone of Silence 

Cone of silence means the volume within which a radar cannot detect any object, and is an inverted circular 
cone centered on the radar antenna. A cone of silence consists of all elevation angles greater than the 
maximum elevation angle reached by the radar. 


Rationale for Cone of Silence 

Commonly used meteorological radars, including the NWS/DoD/FAA 'NEXRAD' systems, generate volume 
scans from a sequence of scans covering 360 degrees of azimuth about a vertical axis centered on the antenna. 
Each scan is performed at a constant elevation above the horizontal. Each scan sweeps out a conical volume 
with its apex at the antenna, centered on a vertical axis through the antenna with the conical surface inclined 
upward at the scan elevation angle. For mechanical reasons, as well as for minimizing the time required for a 
complete volume scan, high elevation angles are not used. This leaves a conical volume directly above the 
radar that is not scanned at all, as shown in Figure | taken from a NOAA NEXRAD website. 
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Figure 1. Cone of Silence for WSR-88D NEXRAD radar systems 


Radar observations at any particular horizontal position will not 'see' clouds that may be present above the 
boundary of the cone of silence at that location. Maximum or integrated quantities like composite reflectivity 
or total liquid water can be seriously underestimated if significant hydrometeor content is present within the 
cone. Computation of radar quantities used in the LLCC must ensure that the radar is able to observe all 
relevant clouds. 
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Debris Cloud 
Debris cloud means any cloud, except an anvil cloud, that has become detached from a parent cumulonimbus 
cloud or thunderstorm, or that results from the decay of a parent cumulonimbus cloud or thunderstorm. 


Rationale for Debris cloud 
No further explanation needed except to note explicitly that debris clouds include any nimbostratus and other 
clouds that are produced by a thunderstorm. 


Note, however, that language in Section G417.15(b)(2) of the Debris Clouds Rule, ("The debris cloud is 
observed to have formed by the collapse of the parent cloud top to an altitude where the temperature is 
warmer than -10 degrees Celsius...") effectively narrows the application of that rule to exclude decaying 
cumulonimbus clouds or thunderstorms whose cloud tops have not yet descended below the -10 °C level. Such 
clouds are still identified as debris clouds by this definition, but they are also cumuli and are therefore covered 
by Sections G417.9(b) or (c) of the "Cumulus Clouds" Rule until they collapse below the -10 °C level. In 
particular, the standoff requirements in G417.9(b) and (c) are more stringent than those in the "Debris Clouds" 
Rule (10 nmi and 5 nmi, respectively, forever, as opposed to 3 nmi for 3 hours with exceptions). 
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Disturbed Weather 
Disturbed weather means a weather system where a dynamical process destabilizes air on a scale larger than 
the individual clouds or cells. Examples of disturbed weather include fronts, troughs, and squall lines. 


Rationale for Disturbed Weather 

Disturbed weather is a generalization of the weather that was present at the time of the Apollo 12 and AC 67 
incidents, when there was widespread rain and no evidence of natural lightning in the KSC-CCAFS area. It is 
understood that disturbed weather in the sense of the Apollo 12 and AC 67 experiences was associated with 


frontal passages where dynamical processes (rather than surface heating or topography) provided the initial 
lifting of air that was required for cloud electrification. 
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Electric Field 

Electric field means the rate that the electrostatic potential increases with altitude near the surface of the 
earth. It is measured in Vm" using the polarity convention that a positive electric field is produced by a 
positive charge overhead. 


Rationale for Electric Field 

No further explanation is necessary except to note that this definition disagrees with that in the Glossary of 
Meteorology, quoted below, in that it applies only near the surface of the earth (where the vector electrostatic 
field is essentially vertical) and is of opposite sign. It should also be noted that the "gradient" defined in the 
Glossary is opposite in sign to the usual physics convention that is implied in these LLCC, increase in 
electrostatic potential with height. See further explanation of the sign convention in Chapter 1, "Introduction," 
and in the Rationale for G417.25(c)(2). 


Glossary Definition 
“electric field 

1) A vector field, usually denoted by E, defined as follows: at a given time and at each point in 
space the force experienced by a positive charge (sometimes called a test charge) at that point divided 
by the magnitude of the charge, taken to be sufficiently small that it does not affect the positions and 
velocities of all other charges. 


The set of all vectors thus obtained is the electric field, although this term is often used for its value at 
any given point. The magnitude of the vector is the electric field intensity and the direction of the 
vector is parallel to the lines of force. 
2) Same as electric field strength.” 
Reference 


American Meteorological Society, 2000: Glossary of Meteorology, 2nd ed., American Meteorological Society, 
Boston, MA, 850 pp. 
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Field Mill 
Field mill means an electric-field sensor that uses a moving, grounded conductor to induce a time-varying 
electric charge on one or more sensing elements in proportion to the ambient electrostatic field. 


Rationale for Field Mill 

This definition is somewhat more general than that of the Glossary of Meteorology (2000), quoted below. No 
further explanation needed. See Section A1.1.1 of Appendix 1, "Measurement and Interpretation of Surface 
Electric Fields," for further details. 


Glossary Definition 

"field mill—An instrument that obtains a continuous measurement of the sign and magnitude of the 
local electric potential gradient by alternately shielding and exposing a conductor that is grounded 
through a resistance to develop an alternating potential that is proportional to the field." 


Reference 


American Meteorological Society, 2000: Glossary of Meteorology, 2nd ed., American Meteorological Society, 
Boston, MA, 850 pp. 
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Flight Path 
Flight path means the volume defined by the vertical and horizontal uncertainties resulting from all three- 
sigma guidance and performance deviations about a launch vehicle's planned flight trajectory. 


Rationale for Flight Path 

The effects of atmospheric electricity on a launch vehicle and the effects of the launch vehicle on the 
atmospheric vector electrostatic fields due to the conductive vehicle and its ionized exhaust plume depend on 
the actual flight path of the vehicle, which is unknown until the flight has taken place. For the purposes of pre- 
launch assessment of the risk, it is necessary to assume a flight path to be used for the assessment. To ensure 
that the assumed flight path encompasses the actual flight path, the LLCC are to be evaluated throughout the 
volume enclosing the planned flight path and all reasonably foreseeable deviations from the flight path in the 
absence of a major failure of the vehicle. For the purposes of the LLCC, reasonably foreseeable deviations are 
those having an occurrence probability less than or equal to the three-sigma deviation of a Gaussian 
distribution, which is 0.001. 
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Horizontal Distance 

Horizontal distance means a distance that is measured horizontally between a field mill (or electric field 
measurement point) and the nearest part of the vertical projection of an object or flight path onto the surface 
of the Earth, or the shortest distance between the vertical projections of any two extended objects onto a 
common horizontal reference plane. 


Rationale for Horizontal Distance 

Note that there are important differences between the surface field and the field aloft (see Section A1.3.3 of 
Appendix 1, "Measurement and Interpretation of Surface Electric Fields"). Distances from a field mill or an 
electric field measurement are measured only horizontally and are relatively short (2 or 5 nautical miles) in 
order to insure (1) that the measurement samples the cloud or volume of atmosphere of concern and (2) that a 
measurement at ground level will be able to detect sources of vector electrostatic fields that may be several 
nautical miles above the surface. 


For example, "The horizontal distance from the center of the cloud top to at least one working field mill is less 
than 2 nautical miles" [see G417.9(b)(1)Gi) "Cumulus Clouds"] means that the distance between the field mill 
and a point on the surface directly beneath the center of the cloud top must be less than 2 nautical miles. 


The last clause in the definition has been added to make it consistent with usage in Section G417.25(e)(2&3). 


In these cases horizontal distance has nothing to do with electric field measurements but refers to the distance 
between the vertical projection of a lightning and that of the flight path. 
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Lightning 
Lightning means the entire lightning discharge including all of its channels and branches. 


Rationale for Lightning 

As used in these LLCC, "lightning" refers to all natural lightning, both cloud-to-ground and intra-cloud, which 
is clearly both a direct and an indirect threat to a launch vehicle and the best available indicator of hazardous 
cloud aloft. The spatial extent of a lightning discharge, as indicated, for example, by a three-dimensional 
Lightning Mapping Array (LMA) or LDAR product, delineates a volume that is certain to be dangerous; 
therefore, this definition emphasizes that the term "lightning" refers to the entire three-dimensional extent of 
any discharge and not just to one or more ground-strike points in a cloud-to-ground flash. 
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Maximum Radar Reflectivity (MRR) 
Maximum Radar Reflectivity means the largest radar reflectivity within a specified volume that is associated 
with an evaluation point. [Section G417.25(b) provides full details on how to calculate MRR. ] 


Rationale for Maximum Radar Reflectivity 

Previous work described in Section A7.1 of Appendix 7, "Physical and Statistical Basis for VAHIRR") 
showed that, when the radar product VAHIRR (developed during the analysis phase of ABFM ID) is 

< 10 dBZ-km, the probability of having ambient vector electrostatic fields in excess of 3 kV m' is very small 
and the probability of triggering lightning is very small. However, VAHIRR proved to be very difficult to 
implement operationally. Consequently a radar parameter that was easier to implement was sought. As with 
VAHIRR, it is shown in Appendix 10, "Physical and Statistical Basis for MRR," that triggered lightning is 
extremely unlikely in an anvil or debris cloud if the maximum radar reflectivity, MRR, is less than or equal to 
7.5 dBZ within and near the flight path. This allows several exceptions that relax the anvil and debris cloud 
rules if MRR is available. The details of how to calculate MRR for these exceptions are specified in 
G417.25(a), "Radar reflectivity measurement," and G417.25(b), "Computation of MRR." The maximum radar 
reflectivity must be calculated in exactly the way specified in G417.25(a) and (b) because it was done this way 
in the ABFM II statistical analysis on which the MRR exceptions are based. (See Appendix 10.2, "Statistical 
Basis for MRR," for further details.) 
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Moderate Precipitation 
Moderate precipitation means a precipitation rate of 0.1 inch per hour or a radar reflectivity of 30 dBZ. 


Rationale for Moderate Precipitation 

This combined rain-rate/radar definition is an extension of the conventional definition of moderate rain. The 
Federal Meteorological Handbook No. 1 (2005) defines light rain as "up to 0.10 inch per hour; maximum 0.01 
inch in 6 minutes” and moderate rain as "0.11 inch to 0.30 inch per hour; more than 0.01 inch to 0.03 inch in 6 
minutes." The radar threshold of 30 dBZ for moderate precipitation is a historical convention and is based on 
the second precipitation intensity level of the "Video Integrator and Processor (VIP2)' that has been used in the 
WSR-57 and WSR-74C radar systems deployed by the National Weather Service since the late 1950s. 


Reference 


Office of the Federal Coordinator for Meteorology, 2005: Federal Meteorological Handbook No. 1, Surface 
Weather Observations and Reports, FCM-H1-2005, Washington, D.C., September 2005. 
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Non-transparent 
Non-transparent means that one or more of the following conditions apply: 

(1) Objects above, including higher clouds, blue sky, and stars, are blurred, indistinct, or obscured when 
viewed from below when looking through a cloud at visible wavelengths; or objects below, including terrain, 
buildings, and lights on the ground, are blurred, indistinct, or obscured when viewed from above when looking 
through a cloud at visible wavelengths; 

(2) Objects above or below an observer are seen distinctly only through breaks in a cloud layer; or 
(3) The cloud has a radar reflectivity of 0 dBZ or greater. 


Rationale for Non-transparent 

This definition is related to that of transparent sky cover' in the Glossary of Meteorology (2000), quoted 
below, but is significantly more general and supplemented by an alternate radar definition. Optical 
transparency is an indication of the combined effects of the geometric thickness of a cloud and total surface 
area of the cloud particles per unit volume of cloud. Parts (1) and (2) of this definition list some of the 
commonly used methods for estimating optical transparency. The greater the vertical thickness of the cloud, 
the greater its ability to form ‘screening layers’ on its surfaces and store electric charge in its interior. The 
greater the total surface area of all ice particles and cloud droplets in the cloud per unit volume, the lower the 
electrical conductivity, and the longer any internal charge (and ambient vector electrostatic field) can be 
stored. Visible (as opposed to radar) wavelengths emphasize the smaller cloud particles that usually contribute 
the majority of the surface area per unit volume. A non-transparent cloud can store elevated vector electrostatic 
fields for long times; a transparent cloud will not. See Sections A6.2 and A6.4 of Appendix 6, "Electrical 
Properties and Decay of Electric Fields in Cloudy Air," for further details. 


A radar reflectivity of 0 dBZ correlates well with the visible edge of anvil clouds in the vicinity of the 
Kennedy Space Center, Florida (Merceret et al., 2006). Cumulus clouds with some precipitation development, 
and often debris clouds, have closely spaced contours of radar reflectivity, so the visible cloud boundary also 
corresponds well with the 0 dBZ contour. Therefore, 0 dBZ may be used to evaluate transparency. 


Glossary Definition 
"transparent sky cover—In U.S. weather observing practice, that portion of sky cover through which 
higher clouds, blue sky, etc., may be observed; opposed to opaque sky cover." 


References 
American Meteorological Society, 2000: Glossary of Meteorology, 2nd ed., American Meteorological Society, 
Boston, MA, 850 pp. 


Merceret, F. J., D. A. Short, and J. G. Ward, 2006: Radar evaluation of optical cloud constraints to space 
launch operations, J. Spacecraft Rockets, 43(1), 248-251. 
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Precipitation 
Precipitation means detectable rain, snow, hail, graupel, or sleet at the ground; virga; or a radar reflectivity 
greater than 18 dBZ. 


Rationale for Precipitation 
The Glossary of Meteorology (2000) first definition of precipitation is, 


Glossary Definition 
"precipitation—1. All liquid or solid phase aqueous particles that originate in the atmosphere and fall 
to the earth's surface." 


The LLCC definition is an exhaustive list of precipitation forms that also includes virga (rain, snow, etc. that 
does not reach the ground, not included in the Glossary definition) and an alternative radar-based definition. 
The radar criterion enables the use of radar for cases when precipitation may be too distant or obscured by 
clouds, fog or haze. The inclusion of virga allows for the fact that, although the precipitation might not reach 
the ground, it is still an indicator of possible charging. 


The radar threshold of 18 dBZ for precipitation is a historical convention and is based on the lowest 
precipitation intensity level of the 'Video Integrator and Processor (VIP1)' used in the WSR-57 and WSR-74C 
radar systems deployed by the National Weather Service from the late 1950s. 


"Detectable," as used in this definition, means that the precipitation is observed visually by ground observers, 
measured by surface gauges or observed aloft from an aircraft either visually or with instrumentation. For 
visual observations from an aircraft, the mere presence of water on the windscreen while in cloud does not 
constitute detection of precipitation because cloud droplets can cause visible wetting similar to that caused by 
small precipitation drops. The launch weather team should discuss such observations with the airborne 
observer and decide whether they constitute detection of precipitation based on the total context of the 
observations, including the synoptic environment and radar data. Visible water on the windscreen, when flying 
below cloud base, is sufficient to constitute detection of precipitation. 


Reference 


American Meteorological Society, 2000: Glossary of Meteorology, 2nd ed., American Meteorological Society, 
Boston, MA, 850 pp. 
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Radar Reflectivity 
Radar reflectivity means the radar reflectivity factor due to hydrometeors, in dBZ. 


Rationale for Radar Reflectivity 
Here there are important differences from, and extensions to, the definition in the Glossary of Meteorology 
(2000), quoted below. The LLCC use radar reflectivity measurements for a variety of purposes including 
determining the position in three dimensions and vertical and horizontal extent of clouds and computing the 
MRR quantity. The radar measurements are used quantitatively, with precise dBZ values specified. 
Specifications on radar reflectivity measurements in G417.25(a) and G417.25(d)(3 & 4) are designed to assure 
that the measurements have sufficient accuracy and resolution for such quantitative use. See the rationale for 
these sections for further explanation of the requirements. 
Glossary Definition 
"radar reflectivity—In general, a measure of the efficiency of a radar target in intercepting and 
returning radio energy. It depends upon the size, shape, aspect, and dielectric properties of the 
target..." 


Reference 


American Meteorological Society, 2000: Glossary of Meteorology, 2nd ed., American Meteorological Society, 
Boston, MA, 850 pp. 
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Slant Distance 

Slant distance means the shortest distance between measurement points and/or objects in three dimensional 
space. Note that slant distance to a volume, such as a cloud or the flight path, refers to the nearest part of that 
volume. 


Rationale for Slant Distance 

The risk of triggered lightning depends primarily on the ambient, electric-field intensity along and near the 
flight path (see Section 5.3.3 of Appendix 5, "Conditions for Triggered Lightning"). At sufficient distances 
from any conducting boundary such as the earth's surface, this field intensity decreases as the inverse square of 
the radial distance from any localized center of electric charge. Similarly, the risk of natural lightning 
generally decreases with distance in all directions from any active electrical generator (see Section A2.1 of 
Appendix 2, "Spatial and Temporal Intervals between Lightning Discharges"). For both of these reasons, the 
standoff distances in the LLCC must be measured as the shortest separation (horizontal, vertical, or slant 
range). 


For example, "every point at a slant distance of less than or equal to 1 nautical mile from the flight path” [see 
G417.11(b)(2) Attached Anvil Clouds] means that the MRR threshold must be satisfied at every point 
throughout the entire volume defined by a 1 nautical mile radius from every point on the flight path. 


Slant distance from the cloud to a point in question refers to the separation between the point and the nearest 
part of the cloud. Specifically, the wording, "a slant distance of less than or equal to 10 nautical miles from" 
means that the flight path must not penetrate either the interior of the cloud itself or the volume between 0 and 
10 nautical miles, inclusive, outside the cloud boundary [for example, see G417.9(b), "Cumulus Clouds"]. On 
the other hand, "a slant distance of greater than or equal to 0 and less than or equal to 3 nautical miles from" 
refers only to the volume at a distance that is greater than or equal to 0, but less than or equal to 3, nautical 
miles outside the cloud boundary, specifically omitting the interior of the cloud itself [for example, see 
G417.15(d), "Debris Clouds"). 
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Thick Cloud Layer 

Thick cloud layer means one or more cloud layers whose combined vertical extent from the base of the bottom 
cloud layer to the top of the uppermost cloud layer exceeds 1.4 km (4500 feet). Cloud layers are combined 
with neighboring layers for determining total thickness only when they are physically connected by vertically 
continuous clouds. 


Rationale for Thick Cloud Layer 

This is an extension of the definition of "cloud layer" -- see the present definition of that term above. 
Combining individual cloud layers into a single layer for the purpose of defining overall thickness is consistent 
with the possibility that electrical contact between layers can allow the operation of an electrical generator to 
charge significant portions of the interconnected layers. The definition spells out the conditions under which 
multiple layers are to be considered connected, as, for example, when towering clouds in one layer contact or 
merge with clouds in a layer (or layers) above. See the rationale for the "Thick Cloud Layers" Rule, G417.19, 
for an explanation of the 1.4 km (4500 ft) thickness threshold. 
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Thunderstorm 
Thunderstorm means any convective cloud that produces lightning. 


Rationale for Thunderstorm 
Essentially the same as the definition in the Glossary of Meteorology (2000) given below. Note that a 
thunderstorm need not have its top colder than -20 °C. 


Glossary Definition 

“thunderstorm—(Sometimes called electrical storm.) In general, a local storm, invariably produced 
by a cumulonimbus cloud and always accompanied by lightning and thunder, usually with strong gusts 
of wind, heavy rain, and sometimes with hail..." 


Reference 


American Meteorological Society, 2000: Glossary of Meteorology, 2nd ed., American Meteorological Society, 
Boston, MA, 850 pp. 
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Triboelectrification 
Triboelectrification means the transfer of electrical charge between ice particles and a launch vehicle when 
the ice particles collide with the vehicle during flight. 


Rationale for Triboelectrification 

This is a narrower definition of the more familiar term ‘precipitation static’ or “p-static’ that is more specific to 
space flight than that in the Glossary of Meteorology (2000), quoted below. The triboelectric effect is a form 
of contact electrification in which one material exchanges electric charge with a different material during 
contact and opposite charges appear when the materials are separated (such as through rubbing). The polarity 
and magnitude of the separated charge depend on the specific materials. Data show that, when ice particles 
(charged or uncharged) strike a flying vehicle at a high rate, they will usually raise the electrical potential of 
the vehicle to tens or hundreds of kilovolts, usually of negative polarity, and this process can produce corona 
from the vehicle or charge untreated dielectric or un-bonded conducting surfaces in ways that can cause 
surface discharges, physical damage, and/or electrical upset (Nanevicz and Tanner, 1964; NASA, 1974; 
Nanevicz, 1982). Charging occurs both on the metal structure of launch vehicles and on dielectric surfaces. Ice 
particles are much more effective chargers than water droplets. (Note: Charging by the vehicle engines, 
collisions with dust or smoke particles, or the flight through volcanic plumes could also electrify the vehicle, 
but these are not included in the above definition.) 


Glossary Definition 
"triboelectrification—A process of charge separation that involves the rubbing together of dissimilar 
material surfaces..." 


References 
American Meteorological Society, 2000: Glossary of Meteorology, 2nd ed., American Meteorological Society, 
Boston, MA, 850 pp. 


Nanevicz, J. E., and R. L. Tanner, 1964: Some Techniques for Elimination of Corona Discharge Noise in 
Aircraft Antennas, Proc. IEEE, pp. 53-64, January 1964. 


Nanevicz, J. E., 1982: Static charging and its effects on avionics systems, JEEE Trans. on EMC, EMC-24 (2), 
May, 1982. 


NASA, 1974: Space Vehicle Design Criteria (Environment) - Assessment and Control of Electrostatic 
Charges, SP-8111, May, 1974. 
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G417.5 Lightning 


(a) A launch operator must wait 30 minutes to launch after any type of lightning occurs at a slant distance of 
less than or equal to 10 nautical miles from the flight path, unless: 

(1) The non-transparent part of the cloud that produced the lightning is at a slant distance of greater 
than 10 nautical miles from the flight path; 

(2) There is at least one working field mill at a horizontal distance of less than or equal to 5 nautical 
miles from each such lightning discharge; and 

(3) The absolute values of all electric field measurements at a horizontal distance of less than or equal 
to 5 nautical miles from the flight path, and at each field mill specified in paragraph (a)(2) of this 
section, have been less than 1000 Vm? for at least 15 minutes. 

(b) A launch operator must wait 30 minutes to launch after any type of lightning occurs within or from a 
thunderstorm if the flight path will carry the launch vehicle at a slant distance of less than or equal to 10 
nautical miles from any non-transparent part of that thunderstorm. This paragraph does not apply to an 
anvil cloud that is attached to a parent thunderstorm. 


Rationale for G417.5 Lightning 

As mentioned in the "Introduction," the "Lightning" Rule is now listed first in G417 because natural lightning 
is the best available indicator of high vector electrostatic fields aloft. The extremities of a lightning discharge 
indicate the presence or deposition of electric charge, and the propagation of all segments of the channel 
indicates the (possibly transient) presence of high vector electrostatic fields. Therefore it is of primary 
importance to avoid the volume of space occupied by all of the channels and branches of any type of lightning 
in order to avoid a known hazard. Parts (a) and (b) within G417.5 have also been reversed to emphasize that it 
is the lightning itself that is the primary indication of a hazard. Therefore part (a) indicates that it is of primary 
importance that all lightning be avoided. In order to do this, we recommend that, in addition to one or more 
trained weather observers near the launch site who are able to see bright channels or pulses of light and hear 
thunder, all launch facilities maintain access to measurements that show the locations of all discharge 
channels, both inside and outside the cloud. Examples of such measurement systems are the Lightning 
Detection and Ranging System (LDAR), which is similar to the VHF Lightning Mapping Arrays (LMAs) 
operating at other locations and is capable of mapping the three-dimensional structure of both cloud-to-ground 
and intra-cloud lighting, 2-dimensional VHF mapping systems such as the interferometric system recently 
installed at KSC ER, the National Lightning Detection Network (NLDN), which now offers some capabilities 
for detecting intra-cloud lightning as well as most cloud-to-ground strike points, and the Cloud to Ground 
Lightning Surveillance System (CGLSS), which detects only the ground-strike points of nearly all cloud-to- 
ground lightning in the KSC-ER vicinity. 


Part (b) of this rule covers convective clouds that are producing lightning and have a well-defined cloud edge 
that can be used to determine a ‘stand-off distance.' Part (a) of the rule also covers any cloud that produces 
lightning, but here the stand-off distances are measured from the lightning discharges themselves. In this rule 
the references to distances between any type of lightning and either the flight path (a) or a working field mill 
(a)(2) are intended to mean the shortest distance between any part of the highly-branched lightning 'tree,' either 
inside or outside the cloud, and the nearest point on the flight path or the nearest working field mill. Implicit in 
field-mill exception (a)(2) (and all other field mill exceptions throughout these LLCC) is that at least one field 
mill is within 5 nautical miles of the flight path. (The initial formation of convective clouds is covered by the 
Cumulus Clouds Rule, G417.9, and the final, decaying stages are covered by Attached Anvil Clouds, G417.11; 
Detached Anvil Clouds, G417.13; and Debris Clouds, G417.15; respectively.) Larger multiple-cell 
thunderstorms and thunderstorm complexes may not have a well-defined cloud edge but are covered by part 
(a) of the present rule and also by the Disturbed Weather Rule, G417.17, and the Thick Cloud Layers Rule, 
G417.19. 
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The presence of natural lightning in any cloud is clear evidence that the cloud has generated vector 
electrostatic fields that are large enough to trigger lightning to an airborne vehicle. Therefore, it is very 
important that the launch operator maintain a proven, reliable capability for detecting all types of lightning, 
1.e., both intracloud (IC) discharges and cloud-to-ground (CG) flashes. 


In writing the LLCC to take advantage of the lightning detection capabilities that many ranges will have 
available, it was necessary to determine (1) what stand-off distance is required from the storm or the lightning 
to insure safety from both natural and triggered discharges and (2) how long after the last lightning flash does 
the cloud maintain a hazardous vector electrostatic field (see Appendix 2, "Spatial and Temporal Intervals 
between Lightning Discharges"). 


1) Stand-Off Distance. As discussed in Appendix 2, "Spatial and Temporal Intervals between Lightning 
Discharges," a minimum stand-off distance can be estimated simply by examining the horizontal distances 
between the successive ground-strike points under localized thunderstorms, and somewhat better estimates can 
be inferred by measuring the horizontal distances that lightning travels from one of the following: (1) the 
cloud charge that is inferred from analyses of electric field changes, (2) weather radar signatures, or (3) the 
locations of the first impulses in discharges that are detected by a VHF lightning locating system (such as 
LDAR or LMA). The details of these estimates and the relevant references are given in Section A2.1 of 
Appendix 2, "Spatial and Temporal Intervals between Lightning Discharges." We note that, for the pre-launch 
period when the launch vehicle and payload are vulnerable to direct strikes or electrical disturbance by nearby 
lightning, the stand-off distance can be estimated using similar measurements and methods. Appendix 2 
includes a new analysis of this condition, and shows that the requirements in the lightning rule result in a 
strike/disturbance probability of 10~ or less. 


Using another approach, Merceret et al. (2008) found from airborne measurements that the vector electrostatic 
fields 15 km or more from the edges of lightning-producing storms do not exceed 3 kV m'!. Although vector 
electrostatic fields aloft near anvil and debris clouds are well below 3 kV m'! everywhere outside of the cloud 
edge, fields exceeding 10 kV m' have been found as far as 5 km from the outside edge of active cumulus 
clouds (ibid). (See Section A5.4.0 of Appendix 5, "Conditions for Triggered Lightning,” for explanation of the 
3 kV m' threshold.) 


Both sections of the "Lightning" Rule specify a standoff-distance of 10 nmi (or 18.5 km) from the cloud 
boundary, which is a conservative reflection of the distances noted in Section A2.1 of Appendix 2, "Spatial 
and Temporal Intervals between Lightning Discharges,” and is consistent with Merceret et al. (2008). Since 
the inception of natural lightning in isolated convective clouds will always be inside the cloud boundary, this 
stand-off distance includes an additional margin of safety to allow for uncertainties in locating the full extent 
of the lightning or the edge of the cloud that is the source of the lightning. NOTE — if thunder-ranging is being 
used by a weather observer to detect and locate lightning near the launch site, a distance of 10 nmi will be 
close to the limit of thunder audibility, assuming that there is no significant background noise, wind, and/or 
acoustic refraction. 


The 10 nmi standoff distance from natural lightning or any cloud that is producing it has been further 
substantiated by a new re-analysis of data on natural-lightning ground-strike occurrence as a function of range 
from McNamara [2002], data that are discussed in more detail in Appendix 2, "Spatial and Temporal Intervals 
between Lightning Discharges” (see especially Figure A2-1 and A2-2). These data were re-cast in Figure 2 in 
terms of estimated number of lightning channels passing through each 1 nmi range ring per radian of azimuth 
per LDAR-detected flash. 
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(Cumulative Number of Channels)/(Total Flashes)/2n 
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Figure 2. Number of channels per flash per radian passing through each range bin, from data of 
McNamara [2002] 


There are two ways in which the data of Figure 2 might be used: 1) The vehicle may be assumed to 
"intercept" a natural-lightning channel that passes sufficiently close to it. 2) The vehicle may be assumed to 
"trigger" a discharge on approach to the space charge deposited by such a natural-lightning channel. In either 
case data from Winn [2011] on the linear charge density deposited by a natural stepped leader were used 
together with the 3 kV m' triggering threshold adduced in Section A5.4, "Triggering Threshold for a Large 
Booster at 10 km Altitude," of Appendix 5, "Conditions for Triggered Lightning," to estimate the distance 
from such a channel at which a launch vehicle might be expected to intercept or trigger lightning. 


The results of this analysis suggested that the probability of "intercepting" a natural discharge is lower than 
that of "triggering" a new discharge in response to it, since interception requires the propagating channel to be 
close to the flight path at a specific moment in time. Therefore only the second mechanism is discussed here. 
A "worst-case" approach was taken by assuming that a thunderstorm lies just beyond 10 nmi from the flight 
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path, that a natural lightning discharge is initiated just inside that thunderstorm (just over 10 nmi from the 
flight path) with a frequency less than or equal to 1/(30 min) (see “Waiting Period” below), and that the period 
of vulnerability is from the time of launch until the vehicle is above a height of 10 nmi. The resulting vehicle- 
strike probability was estimated to be 3.2 x 10“. 


Finally, as was done in Appendix 7, "Physical and Statistical Basis for VAHIRR" (see especially the 
discussion following Table A7-1), the consequences of increasing the triggering threshold to 6 kV m'! were 
also evaluated. Since the distance from a stepped-leader channel at which the vehicle might "trigger" lightning 
is inversely proportional to the triggering threshold, and since the triggering probability was deduced to 
depend approximately linearly on this distance, this increase in threshold was found to decrease the vehicle- 
strike probability to about 1.6 x 10+. 


2) Waiting Period. Both sections of the Lightning Rule specify a 30-minute waiting period after the last 
lightning flash occurs in order to ensure that any high vector electrostatic fields produced by the storm will 
have decayed to a safe level along the flight path. It should be noted that a 30-minute waiting period is just 
twice the 15-minute interval that a weather observer will add to the time of the last audible thunder when 
defining the ending-time of a thunderstorm (Changnon, 1993; FMH No. 1, 2005). Thus a 30-minute waiting 
period provides a modest margin of safety and an interval that is long enough to identify any new convective 
clouds that begin within 10 nmi of the flight path. A 30-minute waiting time is also consistent with the time 
that is frequently recommended in guidelines for personal lightning safety (Holle et al., 1999; Roeder et al., 
2003). The 30-minute waiting interval remains a legacy provision (see Chapter 1), however, for which there is 
incomplete statistical justification. 


Part (a) of this rule contains an exception that permits a launch in cases where there is at least one electric field 
measurement within 5 nmi of the lightning and all such measurements have shown low electric fields for 15 
minutes. The field-mill requirement in this case is to assure that the lightning did not deposit a hazardous 
volume of space charge in clear air or transparent cloud near the flight path. The 1 kV m'' field threshold in 
Section (a)(3) is explained in the rationale for the Surface Electric Fields Rule, G417.5. A 15-minute interval is 
long enough to allow any space charge in clear air to decay to a safe level, and 5 nmi is a distance that is close 
enough to the flight path to detect a hazardous charge aloft. 
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G417.7 Surface Electric Fields 


(a) A launch operator must wait 15 minutes to launch after the absolute value of any electric field 
measurement at a horizontal distance of less than or equal to 5 nautical miles from the flight path has been 
greater than or equal to 1500 Vm". 

(b) A launch operator must wait 15 minutes to launch after the absolute value of any electric field 
measurement at a horizontal distance of less than or equal to 5 nautical miles from the flight path has been 
greater than or equal to 1000 V m", unless: 

(1) No clouds at a slant distance of less than or equal to 10 nautical miles from the flight path are 
non-transparent; or 
(2) All non-transparent clouds at a slant distance less than or equal to 10 nautical miles from the 
flight path: 
(i) Have tops at altitudes where the temperature is warmer than or equal to +5 degrees 
Celsius, and 
(ii) Have not been part of convective clouds with cloud tops at altitudes where the temperature 
was colder than or equal to -10 degrees Celsius for 3 hours. 


Rationale for G417.7 Surface Electric Fields 

General Background. The critical importance of an elevated vector electrostatic field extending over a large 
volume of space is that it represents stored electrostatic energy that, under the right conditions, can initiate and 
propagate a lightning discharge. Thus the ambient vector electrostatic field is the key physical parameter that 
determines the risk of triggering lightning. (The size, shape, velocity, and altitude of a launch vehicle also play 
a role in triggering.) Because of this direct connection between the vector electrostatic field and triggered 
lightning, the "Surface Electric Fields" Rule is considered one of the most important LLCC. See Sections and 
AS.1 and A5.3.3 of Appendix 5, "Conditions for Triggered Lightning," for further details. 


The vector electrostatic field is a physical parameter that describes the net electric force on a unit 'test charge’ 
due to any source-charge distribution, both within the surrounding atmosphere and on any nearby conducting 
or non-conducting surfaces (e.g., Reitz and Milford, 1967, Equation 2-8). In the atmosphere, this charge may 
be in the form of 'small ions,' which move, or 'drift,' in response to the field and give air its finite 'electrical 
conductivity,’ or on the relatively immobile particles in the atmospheric aerosol, including cloud droplets, ice 
crystals, and precipitation particles (e.g., MacGorman and Rust, 1998). Since the magnitude of the vector 
electrostatic field is inversely proportional to the square of the distance from any localized source, nearby 
charges have a much greater effect on the field than more distant sources. 


The small and medium-sized water droplets, ice crystals, and precipitation particles in clouds have a large total 
surface area per unit volume on which to store electric charge. This same surface area will also act as an 
efficient sink for small ions and thereby reduce the electrical conductivity of cloudy air and increase the time 
that significant charge (and vector electrostatic fields) can be stored therein. At the same time, the differences 
between the conductivities of cloudy and clear air will allow oppositely charged screening layers to form near 
the surfaces of cloud layers. These screening layers will effectively mask the vector electrostatic field that is 
produced by the interior cloud charge and prevent it from being detected outside the cloud. This screening or 
masking of the interior charges is especially important when the clouds of interest are long-lived stratiform or 
layer clouds. See Sections A6.0, A6.2, and A6.4 of Appendix 6, "Electrical Properties and Decay of Electric 
Fields in Cloudy Air," for further details. 


The "electric field measurement” that is referred to in this rule is the time-average of the vector electrostatic 
field at the earth's surface. Because the field is always perpendicular to a perfect conductor and the earth at a 
suitable measurement site is, for all practical purposes, a perfect horizontal conductor, the vector field there 
will always be directed vertically. Thus an "electric field measurement" refers to a signed scalar quantity that 
has the polarity specified in the definition of "electric field." The most accurate and reliable instrument for 
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measuring such a field is a field mill (see Section Al.1.1 of Appendix 1, "Measurement and Interpretation of 
Surface Electric Fields"). Also because of this vertical orientation, a measurement of the electric field at a 
single surface location provides no direct information about the location or magnitude of the charges aloft that 
are producing it, only their dominant polarity. The magnitude, polarity, and time-behavior of an individual 
electric field measurement do, however, provide a good qualitative indication of electrification in the 
atmosphere aloft and of the risk of both natural and triggered lightning. In some cases, the locations and 
magnitudes of the cloud charge centers can be inferred from simultaneous electric field measurements at 
several locations; hence there is great benefit in having a network of electric field sensors like the LPLWS 
described in Merceret and Willett et al. (2010, Appendix A8.1.1). Further, a large-area network minimizes the 
chances that a single measurement will be close to a local polarity reversal in the horizontal distribution of 
surface field that is due to a vertical or tilted electrostatic dipole in the source-charge distribution. Such a 
network also limits the information loss due to other types of single-point failure. See Merceret and Willett et 
al., supra, and Sections A1.2.2 and A1.3 of Appendix 1, "Measurement and Interpretation of Surface Electric 
Fields," for further discussion of the benefits of a large-area network. 


Another factor that may complicate the interpretation of electric field measurements is that 'corona discharges’ 
will occur on nearby structures and vegetation when the ambient electric field exceeds 1000 to 3000 Volts per 
meter. The local space charge that is produced by any such corona will normally be opposite in sign to the 
dominant charge aloft and will partially shield an electric field measurement from that dominant charge aloft, 
much as the screening layer on a cloud boundary can shield the external environment from the field produced 
by an interior charge. Under such circumstances, the electric field measurement appears to ‘saturate’ at a 
magnitude that is close to the threshold for producing corona and becomes less sensitive to the magnitude of 
the vector electrostatic field aloft. (The absolute magnitude and temporal variation of an electric field 
measurement, as well as the spatial distribution of such measurements across a network of field mills, can be 
very helpful in recognizing this effect.) See Section A1.3.3.1 of Appendix 1, "Measurement and Interpretation 
of Surface Electric Fields," for further details. 


Specific Rationale for the "Surface Electric Field" Rule. This rule is a ‘fail-safe’ requirement that is intended to 
provide protection from hazardous vector electrostatic fields aloft that may be either unexpected or 
inadequately predicted by the other, cloud-based rules. (See Chapter 1 for further details about the general 
structure of the rules.) As explained above, a network of electric field mills is regarded as extremely important 
to flight safety. Nevertheless, such specific instrumentation cannot be required at all ranges, so the language, 
"the absolute value of any electric field measurement," is used to indicate that the rule applies if and only if 
such measurements are available. 


The vector electrostatic field at the earth’s surface is oriented vertically, and in fair-weather it normally has a 
magnitude of a few hundred V m' or less. When this quantity exceeds a few kV m’, depending on terrain and 
vegetation, the field above the ground can be much larger than that because of masking by corona space 
charge. Therefore an electric field threshold of 1 kV m’, or 1.5 kV m' in special cases, is large enough to 
eliminate most false alarms but small enough to prevent a significant number of 'failures-to-warn.' 


Part (a) of this rule specifies a threshold of 1.5 kV m' under all circumstances, because benign local 
phenomena such as smoke, ground fog, surf electrification, a ‘sunrise effect,’ and the space charge emitted by 
high-voltage power lines occasionally produce electric field measurements that are between 1 kV m'! and 

1.5 kV m' in otherwise fair weather (see Section A1.2.1 of Appendix 1, "Measurements and Interpretation of 
Surface Electric Fields"). Part (b) of this rule reduces this threshold to a more conservative level of 1 kV m! 
when it is possible that clouds near the launch site could be producing elevated electric fields that might cause 
corona space charge to shield the surface measurement. Such hazardous fields aloft are never produced by 
(b)(1) transparent clouds, nor by (b)(2) warm clouds that have not recently been part of potentially electrified 
convective clouds. See the definition of "non-transparent" for an explanation of the requirement in Section 
(b)(1). See the rationale for the Cumulus Clouds Rule, G417.9, for an explanation of the choice of +5 °C 
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and -10 °C cloud-top temperatures in Section (b)(2). A primary concern in Section (b)(2) is to avoid any debris 
clouds that might contain residual charge from their parent clouds, and this is the origin of the 3-hour waiting 
time here (see the rationale for the Debris Clouds Rule, G417.15). 


Note that the exceptions provided by Sections (b)(1) and (b)(2) of this rule are especially stringent (e.g., the 

10 nmi standoff requirements), compared to those in certain other rules, because an elevated vector 
electrostatic field aloft is itself a triggered-lightning hazard, and because an electric field measurement of 

1 kV m' or greater is the most direct indicator available (other than nearby lightning) of an elevated field aloft. 


The standoff distance (5 nmi) in section (a) of this rule is approximately the range at which a ground-based 
field mill can be expected to detect an electrified cloud. (See Section A1.3.1 of Appendix 1, "Measurement 
and Interpretation of Surface Electric Fields" .) The waiting time (15 minutes) is designed to prevent launching 
at a moment when the field may be passing through zero while changing from large values of one sign to large 
values of the other sign. [The typical time scale for field reversal in an ‘End Of Storm Oscillation (EOSO),' and 
the time scale for development of a new thunderstorm cell due to outflow from a dying cell, are both on the 
order of 15 minutes -- see Sections A3.2 and A3.6 of Appendix 3, "Cloud Electrification,” for further details. ] 
These are both legacy provisions, however, for which there is incomplete statistical justification, as described 
in Chapter 1. 
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G417.9 Cumulus Clouds 


(a) This section applies to non-transparent cumulus clouds, except for cirrocumulus, altocumulus, or 
stratocumulus clouds. This section does not apply to an anvil cloud that is attached to a parent cumulus 
cloud. 

(b) Flight path through the cloud: A launch operator may not launch if the flight path will carry the launch 
vehicle through any cumulus cloud if either of the following conditions applies: 

(1) The cloud has a top at an altitude where the temperature is colder than or equal to +5 degrees 
Celsius and warmer than -5 degrees Celsius unless: 
(i) The cloud is not producing precipitation; 
(ii) The horizontal distance from the center of the cloud top to at least one working field mill is 
less than 2 nautical miles; and 
(iii) All electric field measurements at a horizontal distance of less than or equal to 5 nautical 
miles from the flight path, and at each field mill specified in paragraph (b)(1)(ii) of this 
section, have been between -100 Vm! and +500 Vm! for at least 15 minutes; or 
(2) The cloud has a top at an altitude where the temperature is colder than or equal to -5 degrees 
Celsius. 

(c) Flight path between O nautical miles and 5 nautical miles from the cloud: A launch operator may not 
launch if the slant distance to the flight path is greater than 0 nautical miles and less than or equal to 5 
nautical miles from any cumulus cloud that has a top at an altitude where the temperature is colder than or 
equal to -10 degrees Celsius. 

(d) Flight path between 5 nautical miles and 10 nautical miles from the cloud: A launch operator may not 
launch if the slant distance to the flight path is greater than 5 nautical miles and less than or equal to 10 
nautical miles from any cumulus cloud that has a top at an altitude where the temperature is colder than or 
equal to -20 degrees Celsius. 


Rationale for G417.9 Cumulus Clouds 

This rule has been completely reorganized from the previous version to eliminate overlapping rule sections, 
which might have caused confusion, and to conform to the nearest-to-farthest-standoff order of sections in the 
other rules. There have been no changes to its content. 


‘Cirrocumulus' and 'altocumulus' clouds are not included in this rule because they occur at cold temperatures 
and usually do not contain the microphysical conditions of graupel, copious quantities of ice crystals and 
supercooled water necessary for the clouds to become highly electrified. 'Stratocumulus' clouds occur at lower 
altitudes and warmer temperatures and can exist within the 0 °C to -20 °C range in which electrification can 
occur in embedded convection, but stratocumuli are dealt with separately in the "Thick Cloud Layers" and the 
"Disturbed Weather" Rules. Attached anvil clouds can contain high internal vector electrostatic fields and can 
extend long distances from their parent 'cumulonimbus' clouds; but they do not normally contain local 
electrical generators, and their internal fields may be masked by screening layers so that they do not extend 
outside such clouds. For all of these reasons, attached anvils are not considered part of their parent 
cumulonimbus clouds but are treated in a separate rule. Detached anvil clouds are unique and are dealt with in 
rule, G417.13. Debris clouds also result from the decay of the active convection in ‘cumulus’ clouds and 
therefore are similarly dealt with in a separate rule, G417.15, but note the caveats in the next paragraph. (See 
Appendix 3, "Cloud Electrification," Appendix 4, "Electrical Aspects of Stratiform Clouds," and Section A6.2 
of Appendix 6, "Electrical Properties and Decay of Electric Fields in Cloudy Air," for further details.) 


Be aware that language in Section G417.15(b)(2) of the "Debris Clouds" Rule ("The debris cloud is observed 

to have formed by the collapse of the parent cloud top to an altitude where the temperature is warmer than -10 
degrees Celsius...") effectively narrows the application of that rule to exclude decaying cumulonimbus clouds 

or thunderstorms whose cloud tops have not yet descended below the -10 °C level. Such clouds are still 
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identified as debris clouds by the definition ("any cloud... that results from the decay of a parent 
cumulonimbus cloud or thunderstorm"), but they are also cumuli and are therefore covered by Sections (c) or 
(d) of this rule until they collapse below the -10 °C level. The standoff requirements in these two sections are 
more stringent than those in the "Debris Clouds” Rule (5 nmi and 10 nmi, respectively, forever, as opposed to 
3 nmi for 3 hours with exceptions). 


Cumulus clouds contain convective cells that can grow and strengthen very rapidly. In the early stages of 
precipitation and electrical development there is often a succession of convective cells that gradually erode 
inversions or stable layers. Thus the cloud top may increase, level off or slightly recede, and then grow again. 
But once cloud top extends beyond an inversion, cloud top growth can be very rapid, sometimes explosive. 
Even with the aid of nearby temperature soundings it is not possible to predict when new growth will start. 


Part (b)(1): Cumulus clouds with tops between the +5 °C and the -5 °C levels have the potential to grow, form 
ice, and electrify rapidly if they are precipitating. (See Section A3.1.3 of Appendix 3, "Cloud Electrification," 
for further details.) However, if such a cloud is not precipitating, (b)(1)(i), if there is at least one electric field 
measurement sufficiently close to the cloud, (b)(1)(ii), and if the above electric field measurement and all 
others near the flight path have been sufficiently low to clearly indicate that the cloud is not becoming 
electrified, (b)(1)(iii), then the cloud may be safely penetrated. The 2 nmi (horizontal) distance in (b)(1)(ii) is 
intended to be small enough that the required field mill can adequately sample such a shallow cumulus cloud. 
(In summertime in Florida the +5 °C level is about 4 km above ground.) The electric field range in (b)(1) (iii) 
is more stringent than usual (see the "Surface Electric Fields" Rule, G417.5) because of the existence of a 
small but potentially dangerous convective cloud. In this case the allowable negative (foul-weather) field 
threshold has been made much smaller than the positive (‘fair-weather’) threshold because one early sign of 
cumulus electrification can be field reversal at the ground. The positive field threshold has also been made 
more stringent because another sign of early electrification can be the enhanced fair-weather field intensity 
close to a growing cumulus. (See Section A3.2 of Appendix 3, "Cloud Electrification," for further details.) If 
the field has remained within this narrower range for 15 minutes or longer, (b)(1)(iii), then rapid growth and 
electrification are believed to be unlikely. Small and moderate-sized cumulus clouds are not likely to contain 
significant screening layers (unlike stratiform clouds and anvils) because of the mixing and entrainment that 
takes place at their boundaries, so a nearby field mill can be relied upon to indicate the electrical state of such 
clouds (see Section A6.2 of Appendix 6, "Electrical Properties and Decay of Electric Fields in Cloudy Air"). 


Part (b)(2): Cumulus clouds that reach the -5 °C level but do not exceed the -10 °C are not likely to be highly 
electrified, but such clouds should not be penetrated because clouds with tops in this height range often grow 
rapidly and could become electrified to hazardous field levels before launch time. 


Part (c): Airborne observations from several field projects have shown that cumulus clouds that reach 

the -10 °C level show some vector electrostatic field build up, but do not become highly electrified until cloud 
top temperatures are colder than -20 °C. (See Section A3.1.3 of Appendix 3, "Cloud Electrification," for 
further details.) However, since the latent heat released by the freezing of liquid drops can rapidly enhance 
convection and the growth of precipitation (Szymanski et al., 1980), potentially leading to rapid electrification, 
any cumulus cloud that reaches the -10 °C level should be avoided. Although vector electrostatic fields 
external to anvil and debris clouds may not generally be hazardous (Merceret et al, 2008), ABFM I data show 
that strong fields can be present external to actively growing cumulus (ibid). The 5 nmi standoff distance from 
these clouds insures that fields high enough to pose a threat of triggered lightning are not encountered in flight. 
This is a legacy provision (see Chapter 1), however, that has not been extensively justified. 


Part (d): If the cloud top exceeds the -20 °C level, there is a high probability that the non-inductive 
electrification mechanism involving ice-ice collisions has already created, or soon will be creating, high vector 
electrostatic fields. (See Sections A3.1.3 and A3.8.1 of Appendix 3, "Cloud Electrification,” for further 
details.) Therefore, such clouds should be treated as if they were already producing natural lightning. 
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Measurements from ABFM I show that fields up to 3 kV m' can exist as far as 10 km from active 
cumulonimbus clouds, but by 20 km (10 nmi) the fields have decreased to less than 2 kV m'!. (Merceret et al., 
2008). (See Section A5.4.0 of Appendix 5, "Conditions for Triggered Lightning," for explanation of the 

3 kV m' threshold.) 
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G417.11 Attached Anvil Clouds 


(a) This section applies to any non-transparent anvil cloud formed from a parent cloud that has, or had at any 
time, a top at an altitude where the temperature is colder than or equal to -10 degrees Celsius. 

(b) Flight path through or within 3 nautical miles of cloud: If a flight path will carry a launch vehicle less than 
or equal to 3 nautical miles from any attached anvil cloud, the launch operator may not launch unless: 

(1) The portion of the attached anvil cloud at a slant distance of less than or equal to 5 nautical miles 
from the flight path is located entirely at altitudes where the temperature is colder than 0 degrees 
Celsius; and 

(2) The MRR is less than +7.5 dBZ at every point at a slant distance of less than or equal to I nautical 
mile from the flight path. 

(c) Flight path between 3 nautical miles and 5 nautical miles from cloud: If a flight path will carry a launch 
vehicle at a slant distance of greater than 3 nautical miles and less than or equal to 5 nautical miles from 
any attached anvil cloud, a launch operator must wait 3 hours to launch after every lightning discharge 
within or from the parent cloud or anvil cloud, unless the portion of the attached anvil cloud at a slant 
distance of less than or equal to 5 nautical miles from the flight path is located entirely at altitudes where 
the temperature is colder than O degrees Celsius. 

(d) Flight path between 5 nautical miles and 10 nautical miles from cloud: If the flight path will carry the 
launch vehicle at a slant distance of greater than 5 nautical miles and less than or equal to 10 nautical 
miles from any attached anvil cloud, the launch operator must wait to launch for 30 minutes after every 
lightning discharge within or from the parent cloud or anvil cloud, unless the portion of the attached anvil 
cloud that is at a slant distance of less than or equal to 10 nautical miles from the flight path is located 
entirely at altitudes where the temperature is colder than 0 degrees Celsius. 


Rationale for G417.11 Attached Anvil Clouds 

As explained in Chapter 1 and in the rationale for the Cumulus Clouds Rule, an attached anvil cloud is not 
considered part of its parent cumulonimbus cloud or thunderstorm in order to take advantage of certain 
exceptions that were made possible by statistical analyses of the ABFM II dataset (see new Appendix 10, 
"Physical and Statistical Basis for MRR," and Appendix 8, "Standoff Distances from Anvil and Debris 
Clouds"). 


Both balloon and aircraft measurement inside anvils have shown that high, hazardous fields can persist in 
some regions of anvils for long periods of time even though the main source of charge in attached anvils is 
thought to be transport from active charging regions within the convective core of their parent storms [see 
Section A3.5 of Appendix 3, "Cloud Electrification," and Byrne et al. (1989, pp. 6305-6306)]. As long as the 
parent storm continues to produce lightning, the electrical generator is active and charge is being transported 
into the anvil. Even after lightning ceases, the charge that has been transported into the anvil can continue to 
exist for an hour or longer. (See Section A4.0 in Appendix 4, "Electrical Aspects of Stratiform Clouds,” and 
Section A6.6 and Figure A6-10 in Appendix 6, "Electrical Properties and Decay of Electric Fields in Cloudy 
Air," for further details.) Because of the existence of this interior charge a screening layer of charge of the 
opposite sign can build up on the top and bottom of the anvil, effectively masking strong vector electrostatic 
fields in the interior of the cloud from detection outside the anvil. (See Section A6.2 of Appendix 6, "Electrical 
Properties and Decay of Electric Fields in Cloudy Air.") If sufficiently strong, these interior vector fields can 
trigger lightning. (See Section A5.4.0 of Appendix 5, "Conditions for Triggered Lightning.") 


Statistical analysis of the ABFM II measurements for all anvils shows that, even for highly electrified anvils 
with vector electrostatic fields much greater than 3 kV m' inside the cloud, the vector electrostatic field 
outside of the anvil falls off very rapidly (see Appendix 8, "Standoff Distances from Anvils and Debris 
Clouds"). Even at distances less than 1 km from cloud the observed fields were always < 3 kV m'. The ABFM 
II data set includes cases in which lightning occurred in the convective core of the parent cloud or in the anvil 
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as well as cases for which lightning did not occur, but in all cases the vector electrostatic fields outside of the 
anvil were < 3 kV m1. 


Part a) Anvils are limited to the outflow from convective clouds at altitudes with temperatures < -10 °C 
because studies have shown that cumulus clouds with cloud top temperatures warmer than -10 °C rarely 
contain thunderstorm-strength fields. The history of the parent clouds is important, however, because 
convective clouds that were at any time taller than the -10 °C isotherm may have electrified their anvils. 


Part b) Flight through or within 3 nmi of an attached anvil is prohibited even if there has been no lightning 
within the past three hours. This legacy provision has an important, radar-based exception, however, in the 
case that MRR can be calculated. The ABFM II observations and new statistical studies of anvils shows that, 
when MRR is less than 7.5 dBZ, vector electrostatic fields > 3 kV m’ are highly unlikely to exist along the 
flight path. (See Appendix 10, "Physical and Statistical Basis for MRR.") Consequently, when conditions (1) 
and (2) of Part (b) of this rule are both met, flight is permitted through and within 3 nmi of the anvil. Strong 
vector electrostatic fields are known to occur in the melting zone of many precipitating layer clouds, so the 
LLCC are more conservative when anvil base temperatures are warmer than 0 °C and this kind of charging can 
occur (see Section A4.0 of Appendix 4, "Electrical Aspects of Stratiform Clouds"). Hence the requirement in 
(b)(1). The probability that vector electrostatic fields sufficient to trigger lightning will occur under these 
conditions was calculated to be extremely small (< 2.8 x 10°, but probably < 9 x 10°). However, when 
lightning has occurred at distances less than 10 nautical miles from the flight path within the past 5 minutes, or 
when convective cores with high reflectivity aloft exist at the same distances, the MRR exception is not 
permitted. (See the requirements in G417.25(b)(3)G & ii).) Note also that condition (b)(2) requires MRR to be 
satisfied within 1 nmi of the flight path to assure that some part of the cloud is sampled by radar for the MRR 
exception to apply when the flight path is within 3 nmi of the cloud. 


Part c) For conditions in which lightning has occurred in the past 3 hours but the portion of the attached anvil 
near the flight path is warmer than 0 °C, the flight path is limited to distances > 5 nmi from the anvil. This 
legacy provision (see Chapter 1) dates from the creation of a separate "Attached Anvil Clouds" Rule in 1998 
and is roughly consistent with the balloon and aircraft observations mentioned above and with the observation 
of lightning extending from a convective core into the attached anvil (Weiss et al., 2012). Sudden transport of 
electric charge into the anvil by lightning could cause an abrupt increase in the vector electrostatic field 
intensity in the clear air outside the anvil. Ground-based field mills might detect such an increase but not 
necessarily in time to prevent a launch. 


For anvils with base temperatures colder than 0 °C, the standoff distance has been reduced to 3 nmi based on 
the ABFM II studies mentioned above, even if lightning has occurred in the past 30 minutes. The cold-base 
requirement is added for the physical reason given in Part (b) above and to add a margin of safety. 


Part d) Again, for the physical reasons given in Part (b) above and to add an extra margin of safety, attached 
anvils with base temperatures warmer than 0 °C and for which there has been lightning within the last 30 
minutes are treated the same as their parent cumulonimbus clouds. (See the rationale for the "Cumulus Clouds 
Rule for an explanation of the 10 nmi standoff requirement. The 30 minute waiting period is taken from the 
"Lightning" Rule, G417.7, and remains a legacy provision, as described there and in Chapter 1.) 


Statistical analysis of the ABFM II observations shows that fields > 3 kV m'! occur very rarely (probability < 
10°) outside of any anvil at all times after lightning and at all standoff distances. (See Appendix 8, "Standoff 
Distances from Anvil and Debris Clouds.") Therefore, for cases with the anvil base colder than 0 °C the 
standoff distance is reduced to 3 nmi (see also Part (c) of this rule), even if lightning has occurred in the last 
30 min. (Recall, however, that the "Cumulus Clouds" Rule, G417.9, is still in force and will prevent flight 
within 10 nmi of any convective core to which such an anvil is likely to be attached, thus allowing a 3 nmi 
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approach only to the outer reaches of the anvil.) The "cold-base" requirement is added for the physical reason 
given in the previous paragraph and to add a margin of safety. 
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G417.13 Detached Anvil Clouds 


(a) This section applies to any non-transparent anvil cloud formed from a parent cloud that had, at or before 
detachment, a top at an altitude where the temperature was colder than or equal to -10 degrees Celsius. 

(b) Flight path through cloud: If the flight path will carry the launch vehicle through a detached anvil cloud, 
the launch operator may not launch unless: 

(1) The launch operator waits 4 hours after every lightning discharge within or from the detached 
anvil cloud; and observation shows that 3 hours have passed since the anvil cloud detached from 
the parent cloud; or 

(2) Each of the following conditions exists: 

(i) Any portion of the detached anvil cloud at a slant distance of less than or equal to 5 
nautical miles from the flight path is located entirely at altitudes where the temperature is 
colder than O degrees Celsius; and 

(ii) The MRR is less than +7.5 dBZ everywhere within the flight path. 

(c) Flight path between O nautical miles and 3 nautical miles from cloud: If a flight path will carry a launch 
vehicle at a slant distance of greater than 0 nautical miles and less than or equal to 3 nautical miles from a 
detached anvil cloud, the launch operator must accomplish both of the following: 

(1) Wait 30 minutes to launch after every lightning discharge within or from the parent cloud or anvil 
cloud before detachment of the anvil cloud, and after every lightning discharge within or from the 
detached anvil cloud after detachment, unless: 

(i) The portion of the detached anvil cloud less than or equal to 5 nautical miles from the 
flight path is located entirely at altitudes where the temperature is colder than O degrees 
Celsius; and 

(ii) The MRR is less than +7.5 dBZ at every point at a slant distance of less than or equal to 1 
nautical mile from the flight path; and 

(2) If a launch operator is unable to launch in the first 30 minutes under paragraph (c)(1) of this 
section, the launch operator must wait to launch for 3 hours after every lightning discharge within 
or from the parent cloud or anvil cloud before detachment of the anvil cloud, and after every 
lightning discharge within or from the detached anvil cloud after detachment, unless: 

(i) All of the following are true: 

(A) There is at least one working field mill at a horizontal distance of less than or 
equal to 5 nautical miles from the detached anvil cloud; 

(B) The absolute values of all electric field measurements at a horizontal distance of 
less than or equal to 5 nautical miles from the flight path, and at each field mill 
specified in paragraph (c)(2)(i)(A) of this section, have been less than 1000 V m! 
for at least 15 minutes; and 

(C) The largest radar reflectivity from any part of the detached anvil cloud at a slant 
distance of less than or equal to 5 nautical miles from the flight path has been less 
than +10 dBZ for at least 15 minutes; or 

(ii) Both of the following are true: 

(A) The portion of the detached anvil cloud at a slant distance of less than or equal to 
5 nautical miles from the flight path is located entirely at altitudes where the 
temperature is colder than O degrees Celsius; and 

(B) The MRR is less than +7.5 dBZ at every point at a slant distance of less than or 
equal to I nautical mile from the flight path. 

(d) Flight path between 3 nautical miles and 10 nautical miles from cloud: If a flight path will carry a launch 
vehicle at a slant distance of greater than 3 nautical miles and less than or equal to 10 nautical miles from 
a detached anvil cloud, the launch operator must wait 30 minutes to launch after every lightning discharge 
within or from the parent cloud or anvil cloud before detachment, and after every lightning discharge 
within or from the detached anvil cloud after detachment, unless the portion of the detached anvil cloud at 
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a slant distance of less than or equal to 10 nautical miles from the flight path is located entirely at altitudes 
where the temperature is colder than O degrees Celsius. 


Rationale for G417.13, Detached Anvil Clouds 

Detached anvil clouds can store charge, and therefore harbor high vector electrostatic fields that may constitute 
a triggered-lightning hazard for long periods of time, even in the absence of embedded convective cells or 
natural lightning. High vector electrostatic fields can persist inside such clouds even after they are no longer 
detectable from the outside because of the buildup of screening layers. If sufficiently strong, these vector 
electrostatic fields can trigger lightning (see Section A5.4.0 of Appendix 5, "Conditions for Triggered 
Lightning"). Therefore such clouds must be treated with almost as much caution as attached anvil clouds. (See 
Sections A6.2 Appendix 6, "Electrical Properties and Decay of Electric Fields in Cloudy Air," for further 
details.) 


The exclusion of detached anvil clouds from coverage by the "Debris Clouds" Rule, G417.15, is intended to 
reduce the inevitable ambiguity about which rule(s) apply in a given situation. This also prevents the less 
stringent debris-cloud criteria from being unsafely applied to detached anvil clouds. 


This rule incorporates two major changes as a result of two sequential statistical analyses of the ABFM II 
dataset. As with the "Attached Anvil Clouds" Rule, G417.11, a radar-based, MRR exception now applies to all 
distance ranges and time periods, and a standoff distance of only 3 nmi is allowed in some cases under a "cold- 
base" exception. The latter exception, in particular, has required the earlier standoff range, 0 nmi to 5 nmi, to 
be divided into two ranges, 0 nmi to 3 nmi and 3 nmi to 5 nmi, creating an additional rule section (c)(1) in 
order to preserve the earlier rule requirements for situations where MRR measurements are not available. Thus 
the individual rule sections interact in a way that is rather different from earlier versions. 


This rule treats a detached anvil cloud in the same way as a cumulonimbus cloud for the first 30 minutes after 
the last lightning discharge either in the anvil cloud itself or in its parent cloud before detachment. (See the 
rationale for the "Cumulus Clouds" Rule for an explanation of the 10 nmi standoff requirement. The 30 minute 
waiting period is taken from the "Lightning" Rule, G417.7, and remains a legacy provision, as described there 
and in Chapter 1.) Here the 10 nmi cumulonimbus-standoff requirement is broken into three sections, covered 
in Parts (b), (c)(1), and (d) of this rule. 


Part a) Anvils are limited to the outflow from convective clouds at altitudes with temperatures < -10 °C 
because studies have shown that cumulus clouds with cloud top temperatures warmer than -10 °C rarely 
contain thunderstorm-strength fields. The history of the parent clouds is important, however, because 
convective clouds that were taller than the -10 °C isotherm at any time before detachment may have electrified 
their anvils. 


Part (b) applies only to flight through a detached anvil cloud. (This provides the first segment of the above- 
mentioned cumulonimbus cloud standoff requirement for the first 30 minutes.) It contains two exceptions. 
The first exception becomes valid three hours after detachment, although any lightning in the detached anvil 
cloud resets the waiting time to four hours. The three-hour waiting period is a legacy requirement that is safe 
because ABFM I measurements showed that hazardous fields in such clouds decayed faster than that. The 
reset to four hours is because any lightning in a detached anvil is taken as evidence for an active electrical 
generator, requiring a more conservative waiting time. (Dye and Willett (2007) have shown that microphysical 
and electrical re-development can occur in extensive anvil clouds that may or may not be detached from their 
parent convective cores.) The second exception is if both of the MRR conditions are satisfied, because re- 
analysis of the ABFM II dataset showed an extremely small probability (< 2.8 x 10°, but probably < 9 x 10°, 
see Appendix 10, "Physical and Statistical Basis for MRR," for further details) that vector electrostatic fields 
sufficient to trigger lightning will be encountered under these conditions. Although not required by the 
statistical analysis, the cold-base requirement is imposed because charge separation mechanisms are known to 
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occur in the melting zone of some layer clouds and to give an additional margin of safety. See Section A4.0 of 
Appendix 4, "Electrical Aspects of Stratiform Clouds,” and Appendix 8, "Standoff Distances from Anvil and 
Debris Clouds," for further details. (Note that the MRR threshold need not be satisfied anywhere except along 
the flight path, since we are penetrating the cloud in this case.) 


Part (c)(1) requires a 3 nmi standoff from a detached anvil cloud for the first 30 minutes after the last lightning 
discharge either in the anvil cloud itself or in its parent cloud before detachment. (Note, however, that this 
section applies only between 0 nmi and 3 nmi, not to flight through the cloud, which is covered by Part (b). 
This constitutes the second segment of the above-mentioned cumulonimbus-cloud standoff requirement for the 
first 30 minutes, which constitutes justification for the 3 nmi standoff.) An exception allows flight up to the 
boundary of the detached anvil cloud during this time period, however, if both of the MRR conditions 
(explicitly requiring that the cloud be entirely colder than 0 °C, consistent with the exception to Part (b) above) 
are satisfied because re-analysis of the ABFM II dataset showed an extremely small probability (< 2.8 x 10°, 
but probably < 9 x 10°) that vector electrostatic fields sufficient to trigger lightning occur under these 
conditions. The "cold-base" requirement is not imposed by the statistical analysis but for the physical reasons 
mentioned in Part (b) above. Note that the MRR threshold must be satisfied everywhere within 1 nmi of the 
flight path to assure that some part of the cloud is sampled by radar for the MRR exception to apply when the 
flight path is within 3 nmi of the cloud (see the ‘definition’ of 'specified volume’ in G417.25(b)(1)). See 
Appendix 10, "Physical and Statistical Basis for MRR,” for further details. 


Part (c)(2) also applies only between 0 nmi and 3 nmi from the detached anvil cloud, but for the time interval 
between 30 minutes and three hours after the last lightning discharge either in the anvil cloud itself or in its 
parent cloud before detachment. The 3-hour waiting period is a legacy provision (see Chapter 1) that is 
roughly consistent with the balloon and aircraft observations that show that high fields can persist even in 
detached anvil clouds over long periods of time (see Section A3.5 of Appendix 3, "Cloud Electrification," and 
Section A4.0 of Appendix 4, "Electrical Aspects of Stratiform Clouds"). This section is needed, in addition to 
Section (c)(1) above, to permit two exceptions instead of one within the standoff-distance range during this 
later time interval. The first exception is valid if low-surface-field and low-radar-reflectivity requirements are 
satisfied. This is because low electric field measurements near the cloud rule out hazardous fields in the clear 
air, in the unlikely event that high fields were still present inside that cloud (in spite of its low radar 
reflectivity) but hidden from any field mill by screening layers. The 5 nmi range in Section (c)(2)(i)(B) of this 
tule is a legacy provision -- see Chapter 1 -- that is believed to represent the distance at which a field mill 
might detect hazardous fields extending outside an anvil cloud. The 1 kV m" surface-field threshold is 
explained in the rationale for the "Surface Electric Fields" Rule, G417.5; 15 minutes is long enough for any 
elevated fields in the clear air to decay. The 10 dBZ radar threshold in part (c)(2)(i)(C) is based on the ABFM 
II observations mentioned in Appendix 10, "Physical and Statistical Basis for MRR." 


The second exception in Part (c)(2) is valid if both of the MRR conditions are satisfied, as in Part (c)(1) above, 
because re-analysis of the ABFM II dataset showed an extremely small probability [< 2.8 x 10°, but probably 
<9 x 10°] that vector electrostatic fields sufficient to trigger lightning occur under these conditions. Again, the 
"cold-base" requirement is not imposed by the statistical analysis but for the physical reasons mentioned in 
Part (b) above. Note again that the MRR threshold must be satisfied everywhere within 1 nmi of the flight path 
to assure that some part of the cloud is sampled by radar for the MRR exception to apply (see the ‘definition’ of 
‘specified volume' in G417.25(b)(1)). See Appendix 10, "Physical and Statistical Basis for MRR,” for further 
details. 


Part (d) Note that this section applies only between 3 nmi and 10 nmi. (This constitutes the third segment of 
the above-mentioned cumulonimbus-cloud standoff requirement for the first 30 minutes.) An exception allows 
flight up to 3 nmi from such clouds if they are entirely colder than 0 °C, however, because analysis of the 
ABFM II dataset showed a vanishingly small probability (< 10°) that vector electrostatic fields sufficient to 
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trigger lightning occur anywhere outside the cloud. Again the "cold-base" requirement is not imposed by the 
statistical analysis but for the physical reasons mentioned in Part (a) above. 
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G417.15 Debris Clouds 


(a) This section applies to any non-transparent debris cloud whose parent cumuliform cloud had any part at 
an altitude where the temperature was colder than -20 degrees Celsius or to any debris cloud formed by a 
thunderstorm. This section does not apply to either an attached or a detached anvil cloud. 

(b) A launch operator must calculate a "3-hour period" as starting at the latest of the following times: 

(1) The debris cloud is observed to be detached from the parent cloud; 

(2) The debris cloud is observed to have formed by the collapse of the parent cloud top to an altitude 
where the temperature is warmer than -10 degrees Celsius; or 

(3) Any lightning discharge occurs within or from the debris cloud. 

(c) Flight path through cloud: If a flight path will carry a launch vehicle through a debris cloud, the launch 
operator may not launch during the "3-hour period," of paragraph (b) of this section, unless: 

(1) The portion of the debris cloud at a slant distance of less than or equal to 5 nautical miles from the 
flight path is located entirely at altitudes where the temperature is colder than O degrees Celsius; 
and 

(2) The MRR is less than +7.5 dBZ everywhere within the flight path. 

(d) Flight path between 0 nautical miles and 3 nautical miles from cloud: If the flight path will carry the 
launch vehicle at a slant distance of greater than or equal to 0 nautical miles and less than or equal to 3 
nautical miles from the debris cloud, the launch operator may not launch during the "3-hour period," 
unless one of the following applies: 

(1) A launch operator may launch during the "3-hour period," of paragraph (b) of this section if: 

(i) There is at least one working field mill at a horizontal distance of less than or equal to 5 
nautical miles from the debris cloud; 

(ii) The absolute values of all electric field measurements at a horizontal distance of less than 
or equal to 5 nautical miles from the flight path, and at each field mill specified in 
paragraph (d)(1)(i) of this section, have been less than 1000 V mi! for at least 15 minutes; 
and 

(iii) The largest radar reflectivity from any part of the debris cloud less than or equal to a 
slant distance of 5 nautical miles from the flight path has been less than +10 dBZ for at 
least 15 minutes; or 

(2) A launch operator may launch during the "3-hour period," of paragraph (b) of this section if: 

(i) The portion of the debris cloud at a slant distance of less than or equal to 5 nautical miles 
from the flight path is located entirely at altitudes where the temperature is colder than 0 
degrees Celsius; and 

(ii) The MRR is less than +7.5 dBZ at every point at a slant distance of less than or equal to 1 
nautical mile from the flight path. 


Rationale for G417.15 Debris Clouds 

Thunderstorm anvil clouds can retain high vector electrostatic fields for substantial periods of time (see 
Sections A6.2 and A6.5 of Appendix 6, "Electrical Properties and Decay of Electric Fields in Cloudy Air,” and 
Sections A3.5 and A3.6 of Appendix 3, "Cloud Electrification"). Debris clouds are similar to detached anvil 
clouds in that both cloud types are produced by the dissipation of convection in their parent thunderstorms. 
Thus both are assumed to be electrified in the absence of indications to the contrary. If the vector electrostatic 
fields are large enough, both detached anvils and debris clouds can trigger lightning (see Section 5.4.0 of 
Appendix 5, "Conditions for Triggered Lightning"). If electrified, both can form screening layers (see Section 
A6.2 of Appendix 6, "Electrical Properties and Decay of Electric Fields in Cloudy Air"). Therefore the 
distinction between detached anvils and debris clouds is not always clear cut. 


In the absence of any convective development and/or melting electrification that generates further charge, 


electrification will gradually decay away. Both Marshall and Lin (1992) and Marshall et al. (2009) found 
strong fields in decaying thunderstorms in New Mexico several tens of minutes after the last lightning. A 3- 
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hour waiting period is provided as a safety margin and must be restarted if the occurrence of lightning 
indicates an active electrification mechanism in the cloud. (The 3-hour period is a legacy provision -- see 
Chapter 1 -- similar to that in both the "Attached Anvil Clouds" and the "Detached Anvil Clouds" Rules.) 
Within this 3-hour period the greatest threat, as in the "Thick Cloud Layers" Rule, G417.19, is when the cloud 
contains the 0 °C level. Therefore two cases are distinguished, one when the cloud may contain the 0 °C level, 
and the other when the cloud is entirely colder than 0 °C. In the former case there may be an active 
electrification mechanism operating even in the absence of convection (see Section A4.0 of Appendix 4, 
"Electrical Aspects of Stratiform Clouds"). 


Note that language in Part (b)(2) of this rule ("The debris cloud is observed to have formed by the collapse of 
the parent cloud top to an altitude where the temperature is warmer than -10 degrees Celsius...") effectively 
narrows the application of the "Debris Clouds" Rule to exclude decaying cumulonimbus clouds or 
thunderstorms whose cloud tops have not yet descended below the -10 °C level. Such clouds are still identified 
as debris clouds by the definition ("any cloud... that results from the decay of a parent cumulonimbus cloud or 
thunderstorm"), but they are also cumuli and are therefore covered by Sections G417.9(c) or (d) of the 
"Cumulus Clouds" Rule until they collapse below the -10 °C level. The standoff requirements in G417.9(c & 
d) are more stringent than those in the "Debris Clouds" Rule (5 nmi and 10 nmi, respectively, forever, as 
opposed to 3 nmi for 3 hours with exceptions). 


Part (c): Flight through a debris cloud is allowed during the 3-hour waiting period only when the cloud does 
not contain the 0 °C level and when radar reflectivities are consistent with an extremely low risk of triggering 
(< 1.7 x 10%, but probably < 2 x 10°) as determined from the ABFM II re-analysis (see Appendix 10, 
"Physical and Statistical Basis for MRR"). As for anvil clouds, the cold-base requirement in Section (c)(1) is 
not imposed by the statistical analysis but on physical grounds to rule out melting electrification and to provide 
an additional margin of safety. 


Part (d): The presumptive 3 nmi standoff distance from debris clouds is based on analysis of the ABFM II 
dataset (see Appendix 8, "Standoff Distances from Anvil and Debris Clouds"). This analysis showed that the 
probability of vector electrostatic fields greater than 3 kV m' only a short distance (within a kilometer) outside 
a debris cloud does not exceed a few times 10°’. A 3 nmi standoff is required to allow for statistical 
uncertainty and to provide an additional margin of safety. (Note that this section applies only between 0 nmi 
and 3 nmi outside the cloud, not to flight through the cloud, which is covered in Part c.) 


To allow flight within 3 nmi of (but not through) the cloud during this 3-hour interval, one of two sets of 
exception criteria must be met. One set requires a suitably located, ground-based field mill, and the other 
requires radar-reflectivity data (MRR). The ‘field-mill' exception specifies three things: that electric fields be 
measured sufficiently close to the cloud to be relevant; that their values be small enough to imply that there are 
no hazardous fields outside the cloud; and that these values remain stable long enough to assure that there is no 
electrical development within the cloud. The 1 kV m' surface-field threshold and 15 minute time period in 
Section (d)(1)(i) are explained in the rationale for the "Surface Electric Fields" Rule, G417.5. The possible 
existence of screening layers, however, makes ground-based field measurements less reliable for quantitative 
inference about vector electrostatic fields within the cloud. The 5 nmi range in the same section is a legacy 
provision -- see Chapter 1 -- that is believed to represent the distance at which a field mill might detect 
hazardous fields extending outside a debris cloud. The MRR exception is based on data from the ABFM II 
campaign -- see Part (c) above. The 10 dBZ radar threshold in part (d)(1)(i1i) is based on the ABFM II 
observations mentioned in Appendix 10.1, "Physical Basis for MRR." 
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G417.17 Disturbed Weather 


A launch operator may not launch if the flight path will carry the launch vehicle through a non-transparent 
cloud associated with disturbed weather that includes clouds with tops at altitudes where the temperature is 
colder than O degrees Celsius and that contains, at a slant distance of less than or equal to 5 nautical miles 
from the flight path, either: 

(a) Moderate or greater precipitation; or 

(b) Evidence of melting precipitation such as a radar bright band. 


Rationale for G417.17 Disturbed Weather 

The Disturbed Weather rule is a direct consequence of two major triggering events in the US space program 
[the Apollo XII and AC 67 incidents -- see Merceret and Willett et al. (2010, Sections 3.0 and 5.0, 
respectively)] and is supported by aircraft experience and by our present understanding of cloud charging 
processes (see Section A4.0 of Appendix 4, "Electrical Aspects of Stratiform Clouds," Sections A3.7 of 
Appendix 3, "Cloud Electrification," and Sections A5.1 and A5.2 of Appendix 5, "Conditions for Triggered 
Lightning"). During the Apollo XII and AC 67 incidents, there were frontal disturbances with fairly 
widespread rain but no evidence of natural lightning in the KSC-CCAFS area. Clouds associated with weather 
of this kind may contain high vector electrostatic fields if the clouds extend to altitudes above the 0 °C level. 


Numerous balloon soundings of cloud vector electrostatic fields taken over many years show that the largest 
fields and the most intense charge regions are often found near the 0 °C level in precipitating stratiform clouds 
that are associated with disturbed weather. These fields are sufficiently large and widespread to constitute a 
severe triggered-lightning hazard, as demonstrated by both the Apollo XII and the AC 67 incidents. The 
mechanism(s) of charge separation that create strong fields in these clouds are poorly understood (see Section 
A4.0 of Appendix 4, "Electrical Aspects of Stratiform Clouds"), but they often appear to be associated with 
embedded cells of convection and/or the melting of frozen precipitation. Several aircraft studies in these 
weather situations show that both high vector electrostatic fields and precipitating ice particles are present 
simultaneously. Because of the clear hazard in these kinds of clouds, flight is prohibited when either (a) 
moderate precipitation is present or (b) a radar bright band is detected. 


Note that this rule forbids flight through any cloud type of any thickness or altitude if it is associated with 
disturbed weather. This prohibition takes effect whenever the disturbed weather has clouds that have tops 
colder than 0 °C and that satisfy either condition (a) or condition (b) within 5 nmi of the flight path, even 
though the cloud to be penetrated might not exhibit either of those conditions. The 5 nmi distance is a legacy 
provision (see Chapter 1), as is the requirement for moderate or greater precipitation, neither having a 
complete statistical justification. Such a conservative restriction is imposed because any electrical generator 
operating in cold clouds that contain moderate precipitation or a radar bright band, if close enough, might 
transport charge into the penetrated cloud. 
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G417.19 Thick Cloud Layers 


(a) This section does not apply to either attached or detached anvil clouds. Two or more cloud layers must be 
combined if they are physically connected by towering cumuliform clouds, but a cumulus cloud is never 
combined with cloud layers to increase the total thickness beyond the combined thickness of the layered 
clouds. 

(b) A launch operator may not launch if the flight path will carry the launch vehicle through a non-transparent 
cloud layer that is: 

(1) Greater than or equal to 1.4 km (4500 feet) thick and any part of the cloud layer within the flight 
path is located at an altitude where the temperature is between 0 degrees Celsius and -20 degrees 
Celsius, inclusive; or 

(2) Connected to a thick cloud layer that, at a slant distance of less than or equal to 5 nautical miles 
from the flight path, is greater than or equal to 1.4 km (4500 feet) thick and has any part located at 
any altitude where the temperature is between 0 degrees Celsius and -20 degrees Celsius, inclusive. 

(c) A launch operator may launch despite paragraphs (b)(1) and (b)(2) of this section if the thick cloud layer: 

(1) Is a cirriform cloud layer that has never been associated with convective clouds, 

(2) Is located entirely at altitudes where the temperature is colder than or equal to -15 degrees 
Celsius, and 

(3) Shows no evidence of containing liquid water. 

(d) A launch operator need not apply the lightning launch commit criteria in paragraphs (b)(1) and (b)(2) of 
this section if the cloud layer does not contain a radar reflectivity of O dBZ or greater at any location that is 
less than or equal to 5 nautical miles from the flight path. 


Rationale for G417.19 Thick Cloud Layers 

The exclusion of anvil clouds from coverage by this rule is intended to reduce the inevitable ambiguity about 
which rule(s) apply in a given situation, since there are separate rules for attached and detached anvils. This 
also allows much more specific criteria (resulting in increased launch availability) to be applied to anvil clouds 
than could be safely applied to thick cloud layers. Stratocumulus and altocumulus cloud layers are, however, 
covered by this rule. Towering cumuliform clouds that physically connect cloud layers otherwise separated in 
altitude may also electrically connect those layers and therefore are considered to increase the overall 
thickness. On the other hand, cumulus towers are not allowed to extend the thickness of a layer or layers 
beyond the overall altitude range of the layered clouds themselves. Cumulus clouds are a distinct class of 
potential lightning hazard, and the dimensions of these clouds as they relate to the threat of lightning are 
considered separately in G417.8. 


Part (b): Development of LLCC for hazards in layer clouds is still hampered by the lack of peer reviewed 
observations of in-cloud vector electrostatic fields. However, there have been many in-cloud electric-field 
measurements by scientists in the USSR, and these have been summarized in Section A4.1 of Appendix 4, 
"Electrical Aspects of Stratiform Clouds." The observations in the USSR show that in general the maximum 
vector electrostatic field increases as the cloud genus moves from stratus to stratocumulus to altostratus to 
nimbostratus. Furthermore, within a genus, thicker clouds tend to have larger maximum vector electrostatic 
fields. What is clear from the Russian data is that layered clouds can be electrified, sometimes highly, even 
though they do not produce lightning. Layer clouds that have thicknesses of 2000 m (6500 ft) or more pose a 
significant threat, especially from triggered lightning. 


(b)(1): The thickness threshold of 1.4 km (4500 ft) is used to be conservative. See also the definition of "thick 
cloud layer" for a specification of when individual layers must be considered to be vertically interconnected so 
that the possibility of larger scale interactions that might increase the maximum vector electrostatic field must 
be considered. The temperature range of 0 °C to -20 °C is imposed because this is the range in which strong 
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electrification mechanisms may operate (see Sections A3.1.3 A3.8.3 of Appendix 3, "Cloud Electrification" 
and Section A4.0 of Appendix 4, "Electrical Aspects of Stratiform Clouds"). 


(b)(2): The thick cloud restriction is extended to any cloud layer (no matter its thickness or altitude) that is 
connected (even horizontally) to a thick cloud layer, as defined in Section (a)(1), within a certain distance of 
the flight path, because an electrical generator operating within the distant layer might transport charge into the 
penetrated layer. The 5 nmi distance in this section is a legacy provision (see Chapter 1) with incomplete 
statistical justification. 


Part (c): This section is intended to provide relief from the relatively stringent requirements of the "Thick 
Cloud Layers" Rule in cases where the cloud layers in question do not have the mixed-phase ingredients (i.e. 
coexisting supercooled water, copious ice crystals, and rimed ice particles) that are necessary to support an 
active electrification mechanism (see Section A3.8.3 of Appendix 3, "Cloud Electrification" and Section A4.0 
of Appendix 4, "Electrical Aspects of Stratiform Clouds"). These clouds also cannot have been supplied with 
electric charge that was transported from such a generator. The temperature of -15 °C is specified because, in 
the absence of convection, ice is likely to have formed, and without substantial updrafts from convection the 
supply of supercooled water and mixed phase ingredients cannot be maintained. 


Part (d): Thick cloud layers, as defined in this rule, are not debris clouds and do not include any anvil clouds. 
Since it may also be presumed that the thick cloud layers do not violate the "Surface Electric Fields" Rule nor 
contain any convective cells or towers that violate the "Cumulus Clouds” Rule, they have no prior history of 
electrification. Since thick cloud layers may also be presumed not to violate the "Disturbed Weather" Rule, 
they are relatively unlikely to create strong electrification if they contain weak reflectivity. Although no 
conclusive statistical studies of radar reflectivity vs. vector electrostatic field in such clouds are currently 
available, no high vector electrostatic fields were encountered in thick cloud layers during the ABFM I 
experiment [ABFM I Analysis Team, 1996] when the radar reflectivities were low. Therefore, a very 
conservative radar-based exception has been added to this rule. 
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G417.21 Smoke Plumes 


(a) A launch operator may not launch if the flight path will carry the launch vehicle through any non- 
transparent cumulus cloud that has developed from a smoke plume while the cloud is attached to the smoke 
plume, or for the first 60 minutes after the cumulus cloud is observed to be detached from the smoke plume. 


Rationale for G417.21 Smoke Plumes 

Part (a): Smoke plumes from wild-land fires can agitate the fair weather vector electrostatic field by several 
hundred Volts per meter in both polarities (Rison et al., 1988), but are not considered inherently dangerous for 
spaceflight operations. However, if the atmosphere is conditionally unstable, the heat and moisture from a 
large-area fire can initiate convection that ultimately produces a cumulus cloud, high vector electrostatic fields, 
and lightning (Latham, 1988; Vonnegut and Orville, 1988; Vonnegut et al., 1995). If a 'fire-induced' cumulus 
cloud is attached to the smoke plume, the fire could be a source of additional atmospheric ions and 
electrification. Therefore flight through such a cloud is prohibited unless the cloud has been detached from the 
smoke plume for at least 60 minutes. 


Original Part (b) of this rule has been deleted as providing no additional requirements beyond those already in 
A417.9, given the Preamble requirement that each individual rule must be satisfied. 
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G417.23 Triboelectrification 


(a) A launch operator may not launch if the flight path will carry the launch vehicle through any part of a 
cloud at any altitude where: 
(1) The temperature is colder than or equal to -10 degrees Celsius; and 
(2) The launch vehicle’s velocity is less than or equal to 910 ms" (3000 ft s), 
(b) Paragraph (a) of this section does not apply if either: 
(1) The launch vehicle is treated for surface electrification so that: 
(i) All surfaces of the launch vehicle susceptible to ice particle impact are such that the 
surface resistivity is less than 10° ohms per square; and 
(ii) All conductors on surfaces, including dielectric surfaces that have been coated with 
conductive materials, are bonded to the launch vehicle by a resistance that is less than 
10° ohms; or 
(2) A launch operator demonstrates by test or analysis that electrostatic discharges on the surface of 
the launch vehicle caused by triboelectrification will not be hazardous to the launch vehicle or the 
spacecraft. 


Rationale for G417.23 Triboelectrification 

Triboelectric charging of both dielectric and metallic surfaces on vehicle exteriors can result in electrical upset 
to flight-critical components and/or even physical damage (NASA, 1974; Nanevicz, 1982; Lorenz, 2008). 
Charging of dielectrics can produce surface discharges on both the exterior and interior surfaces of those 
dielectrics and allow penetration of disruptive vector electrostatic fields into the interior of the vehicle. 
Differential charging of inadequately bonded metallic surfaces can cause sparking between those surfaces or to 
the airframe, resulting in the penetration of disruptive electrical noise into the interior. Surface treatment 
means altering (if necessary) the surface resistivity of dielectrics so that surface discharges do not occur. 
Bonding means lowering the electrical resistance between isolated metallic surfaces and the airframe to 
prevent sparking. The resistivity criteria are taken from Nanevicz (1973). 


When ice particles (charged or uncharged) strike and separate from a flying aircraft or spacecraft, they will 
usually charge the vehicle by causing an exchange of charge between the cloud particle and vehicle's exterior 
surface. Excellent discussions of vehicle electrification due to both particle impaction (triboelectrification) and 
engine charging, the problems that it can cause, and their potential solutions are given by Nanevicz (1973), 
NASA (1974), Taillet (1974; 1975), Nanevicz (1982), and Heritage (1988, Chapter 3). Ice particles are much 
more effective in transferring charge than liquid droplets. Charging of even one square inch of an untreated 
dielectric surface, such as a radome or windshield, may cause surface discharges on either the exterior or the 
interior surface of the dielectric (or both), and the resulting electrical transients can disrupt critical navigation 
or communication systems (Nanevicz, et al., 1962; Tanner and Nanevicz, 1964; Nanevicz and Tanner, 1964; 
Nanevicz, 1973; Nanevicz, 1982). Charging on metallic surfaces can increase the vehicle potential to tens or 
hundreds of kilovolts and cause corona discharges on the extremities of the vehicle. Additionally, differential 
charging of metallic surfaces that are not properly bonded to the airframe can cause sparking. All of these 
effects may cause physical damage or electrical upset to flight-critical systems. 


Aircraft measurements show that, when uncharged ice particles strike either a dielectric or a metallic surface, 
these particles acquire a charge and leave an equal and opposite charge (usually negative) on the vehicle. Such 
charging can raise the electrical potential of an aircraft to tens or hundreds of kilovolts (Tanner and Nanevicz 
1961, 1964; Nanevicz, 1982; Illingworth and Marsh, 1986). Nanevicz and Hilbers (1973) have also conducted 
experiments during two Titan launches (Titan II[C-20 and Titan IIC-21), and a summary of the data for Titan 
flight 21 is given in Figure 11 of their report. It shows that the vehicle passed through rain and charged to 
about -100 kV, discharged, and then charged to roughly +10 kV at altitudes in the range 8 kft to 30 kft, where 
the particle count indicated charging by precipitation. Negative potentials were the more prevalent, consistent 
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with particle probe data suggested that negative charge was arriving on the rocket. Other data for the electric 
potential of a Nike-Cajun sounding rocket flight (Nanevicz et al., 1966) showed alternate regions of positive 
and negative charging with magnitudes of 10 kV to 20 kV. 


The first Europa II vehicle, launched from the equatorial launch base in Kourou, French Guiana (flight F11), 
exploded 150 seconds into flight. This failure was characterized as “the most serious set-back in the Europa-II 
development programme.” The final report of a commission of enquiry held that the proximate cause of the 
explosion was a failure of the inertial guidance system because of electrical interference of a few volts between 
the guidance system and the line connecting its computer to its power supply (Taillet, 1974; Krige et al., 
2000). They concluded that the failure was probably due to engine charging of the vehicle in clear air, which 
produced corona on a payload antenna that charged the interior of a dielectric fairing, subsequently resulting in 
sparking between un-bonded internal components (Talliet, 1974). Even though the original charging was due 
to the engine in this case, the incident makes it clear that proper grounding, bonding, and treatment of 
insulating surfaces are all essential for flight safety (Taillet, 1975). 


Unless precautions and treatments to control surface electrification have been implemented, it is necessary to 
impose constraints to avoid launching through clouds that are likely to produce dangerous static electrification. 
Such clouds are found at altitudes that extend upward from the -10 °C temperature level to altitudes at which 
the vehicle velocity exceeds 910 m s! (3000 ft s'). Transparent clouds are specifically included in these 
conditions because the degree of transparency of the cloud itself has little to do with its ability to cause 
triboelectrification. Flight tests indicate that frictional charging of aircraft is of concern only when they are 
operated in clouds containing ice crystals. In general, ice crystals do not occur appreciably in clouds that are 
everywhere warmer than -10 °C. Laboratory experiments corroborated by supersonic flight tests show that, at 
speeds above about 910 ms (3000 ft s'), there is enough energy in a collision with an ice crystal to 
completely melt the crystal, so above this speed the triboelectrification goes to zero and is not likely to be a 
problem (Heritage, 1988, Chapter 3). 
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G417.25 Measurement of Cloud Radar Reflectivity, Computation of MRR, 
Measurement of Electric Field, Determination of Non-Transparent Cloud 
Boundaries, and Determination of Slant Distance from Lightning 


(a) Radar reflectivity measurement. A launch operator who measures radar reflectivity to comply with these 
LLCC must employ a weather radar and ensure that - 
(1) The radar wavelength is greater than or equal to 3 cm, and the following additional criteria are 
met if the wavelength is less than 5 cm - 

(i) The surface of the radome of the radar is hydrophobic and the precipitation rate at the 
radar site is less than 15 mm hr" rainfall equivalent, and 

(ii) For each point at which a measurement is made, the horizontal extent of composite radar 
reflectivity greater than 10 dBZ along the line of sight between the radar and the point in 
question may not exceed the value shown in Figure 3 for the observed largest value of the 
composite reflectivity along that line of sight; 


Reflectivity Extent (km) for 1 dB X-band Attenuation 
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Figure 3. Relationship between maximum observed composite reflectivity and maximum permissible 
extent of >10 dBZ along a line of sight for 3 cm radars 


Note: This figure is referred to as Figure 1 in the original LLCC recommendations formally presented 
by the LAP on 20 August 2014. 


(2) A radar reflectivity measurement is due to a meteorological target; 


(3) A radar reflectivity measurement is not affected by significant attenuation by intervening 
precipitation or by water or ice on the radome; and 
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(4) A radar reflectivity measurement is not located within the cone of silence, nor within any blocked 
sector, unless that location is determined by other means (e.g., visual or another radar) to contain 
no non-transparent cloud, in which case the radar reflectivity there may be taken as less than 
0 dBZ. 

(b) Computation of MRR. A launch operator who measures MRR to comply with these LLCC must ensure 
that— 

(1) The specified volume is the volume bounded in the horizontal by vertical, plane, perpendicular 
sides located 5.5 km (3 nautical miles) north, east, south, and west of the point where MRR is to be 
evaluated; on the bottom by the 0 degree Celsius level; and on the top by an altitude of 20 km 
above mean sea level; 

(2) MRR is the largest radar reflectivity measurement within the specified volume; 

(3) If the MRR defined in paragraph (b)(2) of this section cannot be accurately determined, then the 
MRR is the largest composite reflectivity at a horizontal distance of less than or equal to 7.5 km 
(4 nautical miles) from the point where MRR is to be evaluated; and 

(4) All MRR-evaluation points within the flight path are: 

(i) Greater than a slant distance of 10 nautical miles from any radar reflectivity of 35 dBZ or 
greater at altitudes of 4 km or greater above mean sea level; 

(ii) Greater than a slant distance of 10 nautical miles from any type of lightning that has 
occurred in the previous 5 minutes; and 

(iii) A launch operator need not apply paragraph (b)(4) of this section to additional MRR- 
evaluation points outside the flight path that are required in certain rule exceptions. 

(c) Electric field measurement. A launch operator who measures an electric field to comply with these LLCC 
must— 

(1) Employ a ground-based field mill; 

(2) Ensure that all field mills are calibrated such that the polarity of the electric field measurement is 
the same as the polarity of the voltage placed on a test plate above the sensor; 

(3) Use only the one-minute arithmetic average of the instantaneous readings from that field mill; 

(4) Ensure that the altitude of the flight path of the launch vehicle is less than or equal to 20 km 
(66,000 ft) everywhere above a horizontal circle of 5 nautical miles centered on the field mill being 
used; 

(5) Use only direct measurements from a field mill and never interpolate between mills. 

(d) Non-transparent-cloud or precipitation boundaries. A launch operator who locates non-transparent cloud 
boundaries or precipitation regions to comply with these LLCC must ensure that— 

(1) If more than one of the three conditions specified in the definition of non-transparent apply, then 
the condition that most restricts launch availability is used; 

(2) The Sun or the Moon is not used to evaluate non-transparency; 

(3) If radar is used, then allowance is made for the vertical and horizontal spatial resolution of the 
radar in computing any cloud or precipitation boundary; 

(4) If radar is used, the radar-display threshold is set sufficiently lower than the boundary threshold 
(0 adBZ for cloud, 18 dBZ for precipitation, etc.), at least intermittently, so that the next lower radar 
reflectivity display bin would be shown if that lower radar reflectivity were present in the 
atmosphere at similar range; 

(5) The thickness of a cloud that is not observed visually but that contains a radar reflectivity of 0 dBZ 
or greater is evaluated according to its radar-observed dimensions; and 

(6) Ifa cloud layer has a visible base but no visual observation of its top is available and it does not 
contain a radar reflectivity of 0 dBZ or greater, then the thickness of that cloud is taken as zero. 

(e) Slant distance from lightning. A launch operator who locates lightning to comply with these LLCC must 
ensure that— 

(1) The three-dimensional nature of lightning is taken into account; 

(2) If a two-dimensional lightning-locating system locates channels and branches but provides no 
altitude information, then the slant distance between the lightning and the flight path is taken as the 
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horizontal distance between the vertical projections of both the flight path and the lightning onto a 
common, two-dimensional reference surface such as the surface of the earth; and 

(3) A launch operator need not apply the standoff requirement in G417.5(a) to any portion of the flight 
path at an altitude greater than 37 km (20 nautical miles). 


Rationale for G417.25 Measurement of Cloud Radar Reflectivity, Computation of MRR, Measurement 
of Electric Field, and Determination of Non-Transparent Cloud Boundaries 

This new rule results primarily from the extraction of all 'requirements' from the definitions of the previous 
version in conformance with regulatory drafting requirements. Thus it is complex and deals with many 
different issues, although it has been shortened considerably from its current couterpart in 14 CFR 417 
Appendix G by replacement of the VAHIRR radar parameter by ‘MRR.’ Its rationale will be addressed section 
by section: 


Part (a), "Radar reflectivity measurements:" See Section A9.2 of Appendix 9, "Application of Weather Radar 
to LLCC Evaluation," for further details. 


The radar must be a meteorological radar. Radar systems specifically designed for meteorological applications 
normalize the reflectivity values to compensate for the effects of frequency and range in order to provide 
standardized values of dBZ with an accuracy of 1 dBZ or better independent of frequency and range. [The 
reference value for dBZ (0 dBZ) is 1 mm* m>? (Bringi and Chandrasekar, 2001, Section 3.10).] In addition, 
most meteorological radars have clutter suppression software that minimizes the effects of ground clutter 
without rejecting a significant amount of meteorological echoes. 


Attenuation of radar signals increases rapidly as the wavelength decreases and the precipitation rate increases. 
Depending on the drop size distribution, attenuation in rain increases by from one to two orders of magnitude 
as the wavelength decreases from 10 to 3 cm (Bringi and Chandrasekar, 2001, Section 7.4.). Errors introduced 
by attenuation are especially dangerous because they always make the reflectivity appear smaller than it 
actually is, thus making the environment appear safer than it actually is. 


A measurement is valid only in the absence of significant attenuation by intervening precipitation or by water 
or ice on the radome. The intent of the revisions in (a)(1)(i & ii) is to allow the use of wavelengths between 
3 and 5 cm while limiting two way attenuation due to precipitation to I dB or less. 


Merceret and Ward (2002) showed that for a hydrophobic radome, the two-way attenuation does not exceed 
1 dB at a wavelength of 3 cm or greater if the precipitation rate on the radome does not exceed 15 mm hr". 


For attenuation due to rainfall between the radar and the target, papers by Battan (1973), as cited by 
Hildebrand et al. (1981), and by Wexler and Atlas (1963) show that attenuation (dB kn) is about an order 
of magnitude larger at a wavelength of 3 cm than at a wavelength of 5 cm and that it increases roughly 
exponentially with reflectivity when measured on the logarithmic dBZ scale. Compliance with constraint 
(ii) will assure that the attenuation does not exceed I dB. 


The measured reflectivity must be due to hydrometeors, not to non-meteorological targets such as flocks of 
birds, swarms of insects, or 'anomalous propagation' -- see also the rationale for the definition of 'VAHIRR 
application criteria’ in the original 2010 version of this Document. 


Radar observations at any particular horizontal position will not 'see' clouds that may be present above the 


boundary of the cone of silence at that location. Similarly, the radar will not see targets in any sectors that 
may have been blocked for payload-safety or other reasons. Hazardous clouds or precipitation would not 
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be detected even if they were present. Thus the earlier version of the LLCC countermanded the use of 
VAHIRR or other radar criteria within the cone of silence and blocked sectors. The present modification to 
the LLCC was made to potentially permit launch if another valid observation such as aircraft, an alternate 
radar or a visual observation clearly and convincingly indicates that the there are no non-transparent 
clouds or precipitation regions within the cone of silence of the primary radar. Without such alternative 
observations the MRR for a specified volume will not be valid if it overlaps the cone of silence or any 
blocked sectors. Similarly, if cloud or precipitation extends into such a 'radar-blind' volume, a part of the 
non-transparent boundary of that cloud or the full extent of that precipitation cannot be located without 
other means. See also the rationale for the definition of "cone of silence." 


References for Part (a) 
Battan, L.J., 1973: Radar Observations of the Atmosphere, University of Chicago Press, 324 pp. 


Bringi, V. N., and V. Chandrasekar, 2001: Polarimetric Doppler Weather Radar, Cambridge University Press, 
New York, NY, 636 pp. 


Hildebrand, P. H., R. A. Oye, and R. E. Carbone, 1981: X-band vs C-band radar: The relative effects of 
beamwidth and attenuation in severe storm situations, J. Appl. Meteorol., 20, 1353-1361. 


Merceret, F. J., and J. G. Ward, 2002: Attenuation of Weather Radar Signals Due to Wetting of the Radome by 
Rainwater or Incomplete Filling of the Beam Volume, NASA Technical Memorandum TM-2002- 
211171, April 2002, 16pp. 


Wexler, R., and D. Atlas, 1963: Radar reflectivity and attenuation of rain, J. Appl. Meteorol., 2, 276-280. 


Part (b), "Computation of MRR:" These criteria are provided to assure that the values of MRR used to 
determine whether the LLCC are satisfied are measured under the same conditions used in developing and 
validating the "MRR" concept, as described in Appendix 10, "Physical and Statistical Basis for MRR." There 
are two components to this: the radar measurements must be accurate, and they must not violate conditions 
imposed upon the ABFM II data set from which the MRR threshold was derived. The first component is 
satisfied by adherence to the requirements in Part (a), discussed above. 


The second component includes the operational definitions of "specified volume" and of "MRR" (which 
requires no further explanation). Examination of the results from the ABFM II experiment determined that the 
MRR over a horizontal area of 11 km x 11 km (5 km in the north, south, east and west directions from the | 
km cube containing the aircraft) is suitable for detecting strong vector electrostatic fields. (See Appendix 10, 
"Physical and Statistical Basis for MRR.") The 5.5 km distance used in this definition is the result of adding 
half of the grid point spacing of the 1 km gridded radar data to the 5 km distance from the 1 km grid point 
closest to the position of the aircraft. The specified volume extends from the altitude of 0 °C and not below 
because studies have shown that charge separation can occur at and above the 0 °C level (see Appendices 3, 
"Cloud Electrification,” and 4, "Electrical Aspects of Stratiform Clouds"). It extends to 20 km so that the 
maximum includes the top of any anvil. (It is necessary to specify a fixed upper lid on the “specified volume” 
so the cone of silence does not inevitably intersect it.) 


This second component also imposes proximity constraints to high-reflectivity areas and lightning when MRR 
is evaluated along the flight path. These are the same constraints used in selecting the ABFM II data for the 
statistical analysis upon which the safety of LLCC based on MRR was evaluated. (Conditions that violated 
these constraints would already prevent launch through application of the "Cumulus Clouds" or "Lightning" 
Rules, so they were not relevant to the statistical analysis and might have biased it unnecessarily.) Use of 
MRR unconstrained by these requirements has not been studied and could be extremely dangerous. 
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Note, however, that certain sections of the "Attached Anvil Clouds,” "Detached Anvil Clouds," and "Debris 
Clouds" Rules (G417.11(b)(2), G417.13(c)(1) (Gi) and G417.13(c)(2)Gi)(B), and G417.15(d)(2)Gi)) require the 
MRR threshold to be satisfied everywhere within 1 nmi of the flight path in order to relax 3 nmi standoff 
requirements. (As explained in the rationales for those rules, this is to assure that some part of the cloud is 
sampled by radar for the MRR exception to apply -- see the "definition" of 'specified volume’ in (b)(1) of this 
section.) In cases where the MRR threshold must be satisfied at points near, but not on, the flight path, the 
proximity constraints are eliminated in order to avoid effectively extending the standoff distances in the 
"Cumulus Clouds" and "Lightning" Rules from 10 nmi to 11 nmi. See Appendix 10, "Physical and Statistical 
Basis for MRR," for further details. 


Finally, Section (b)(3) is added to provide a practical 'work-around' primarily for cases where the top and/or 
bottom boundaries of the 'specified volume' make it difficult or impossible for the operators to calculate the 
largest radar reflectivity therein (the MRR). At any horizontal position within the ‘specified volume’ the 
composite reflectivity (the largest in the entire column) will always be greater than or equal to the largest 
reflectivity in the vertically truncated column specified in G417.25(b)(1), and since a horizontal radius of 7.5 
km (4 nautical miles) will always encompass the horizontal boundaries of the specified volume, this work- 
around will always yield a value equal to or more conservative (larger) than the 'MRR.' 


Part (c), "Electric field measurement:" Here, the instantaneous, vertical, electric field that is measured on the 
earth's surface is an arithmetic average (respecting polarity) over one minute in order to minimize the effects 
of both distant lightning discharges and local fluctuations due to space-charge advection on the operationally 
significant data. This averaging gives a signed, scalar quantity (an "electric field measurement") with a polarity 
that is defined, for the purposes of these LLCC, to be positive when the dominant charge overhead is positive. 
When the dominant charge aloft is negative, the electric field measurement is negative. There are several 
different methods for measuring the surface electric field, but field mills are the only instruments that have 
been demonstrated to accurately and reliably measure both low and high fields under a variety of weather 
conditions without excessive maintenance. See Section Al.1 of Appendix 1, "Measurement and Interpretation 
of Surface Electric Fields," for further details. 


To avoid confusion about polarity, it should be noted that the LLCC use the traditional "atmospheric electricity 
sign convention" for surface measurements, which is the opposite of the "physics" convention that is now 
almost universally used in the scientific literature. When using the physics convention, the direction of the 
vector electrostatic field would be in the direction of the electric force on a positive 'test charge,’ and the 
upward direction of the vertical component would be considered positive for both field and force. (For more 
discussion of the meaning and relevance of the vertical component of field, see the rationales for the definition 
of "electric field" and for the "Surface Electric Fields" Rule, G417.5.) 


An electric field value that is interpolated from the contour lines of several simultaneous electric field 
measurements on a display will depend strongly on the interpolation algorithm that is used to compute those 
contours. Therefore such an interpolated value is not considered valid as a direct electric field measurement. 
Further, a valid electric field measurement is not considered applicable when the altitude of the relevant part of 
the flight path exceeds 20 km in order to avoid flight restrictions in cases where a surface measurement is no 
longer representative of the vector electrostatic field aloft that will affect the vehicle. 


Part (d), "Non-transparent-cloud or precipitation boundaries:" Cloud hydrometeors, whether liquid or solid, are 
potential repositories for electrical charge in the atmosphere. Several of the LLCC are based on observations 
and physical reasoning that depend on being able to locate and bound possible charge-carrying regions of the 
atmosphere. Optical scattering is caused primarily by the smaller particles which have a larger surface-area to 
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volume ratio than larger ones. Since charge is stored on particle surfaces, determination of cloud boundaries by 
visual observation is the best way to ensure that the smaller particles are observed. 


The radar reflectivity varies approximately as the 6" power of the particle size (Bringi and Chandrasekar, 
2001, Section 7.1), so it is much more sensitive to the larger particles in the size distribution and hence is most 
suitable for locating precipitation. Nonetheless, observational and theoretical analyses have shown that the 
optical boundary of anvil clouds is essentially the same as the radar cloud boundary defined by reflectivities 
between 0 dBZ and 5 dBZ (Merceret et al., 2006). Cumulus clouds with some precipitation development and 
often debris clouds have closely spaced contours of radar reflectivity, so the visible cloud boundary also 
corresponds well with the 0 dBZ contour. Thus the 0 dBZ cloud boundary is a conservative approach for 
determining the cloud boundary. 


The requirement in (d)(1) applies the general rule that if more than one rule is violated the most restrictive of 
the rules is to be applied. 


Images of, or shadows cast by, the Sun or Moon may not be used to estimate transparency because these 
objects have too high an inherent contrast with the background sky and will therefore produce an excessive 
(risky) result. 


(d)(3) and (d)(4) place important restrictions on how radar data are used to determine cloud boundaries. The 
limited resolution of radar can overestimate or underestimate the dimensions of a cloud, or cloud layer. 
Overestimation may restrict launch avaialbility but is always conservative (safe). Underestimation is 
potentially hazardous. 


Overestimation can occur when the cloud or precipitation boundary is located within volume elements of the 
radar scan and when scatterers are strong enough to return a signal that averaged over the volume element is 
higher than the boundary threshold signal (0 dBZ for cloud, 18 dBZ for precipitation). This results in the 
boundaries (vertical or horizontal, or both) of the cloud/precipitation volume being identified with the larger 
radar volume that contains within it the cloud or precipitation volume. Overestimation can also occur when 
gaps between cloud layers are not resolved and distinct cloud layers are seen as a single thicker layer. 


Underestimation (the more serious problem) may occur when the cloud or precipitation boundary is located in 
a radar resolution element but is not strong enough when averaged over the resolution element to return a 
signal higher than the boundary threshold signal. Underestimation in fact occurs when the brightness of the 
cloud or precipitation in the resolution element would equal or exceed the threshold value were the scatterers 
to fill the radar volume element. This phenomenon may occur because the cloud or precipitation boundary lies 
in a radar scan gap (dead space between radar beams, usually at different elevation angles). 


The possibility of underestimation can be ascertained by setting the radar-display threshold lower than the 
boundary threshold, at least intermittently, so that the next lower radar reflectivity display bin would be 

shown. If this extends the dimension of the cloud or rain volume, then the dimensions of the cloud or rain 
volume should be extended by one radar volume element (vertically or horizontally) wherever this occurs. 


Note that, when the cloud-top altitude is assessed with radar, care must be taken to avoid significant errors due 
to propagation effects, as well as those due to attenuation. See Appendix 9, "Application of Weather Radar to 
LLCC Evaluation," for further details. 


(d)(5) and (d)(6) provide a radar-based option for determining cloud thickness when visual observations of 


thickness are not available. A cloud that does not show reflectivities greater than or equal to 0 dBZ is 
equivalent electrically to a cloud with zero thickness, even when it has a visible base, and is regarded as 
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insignificant for the purposes of any rule except G417.23 (Triboelectrication). No significant charging is 
observed to occur in clouds when radar reflectivities for the cloud are everywhere less than 0 dBZ. 


References for Part (d) 
Bringi, V. N., and V. Chandrasekar, 2001: Polarimetric Doppler Weather Radar, Cambridge University Press, 
New York, NY, 636 pp. 


Merceret, F. J., D. A. Short, and J. G. Ward, 2006: Radar evaluation of optical cloud constraints to space 
launch operations, J. Spacecraft Rockets, 43(1), 248-251. 


Part (e), "Slant distance from lightning:" See Appendix 2, "Spatial and Temporal Intervals between Lightning 
Discharge," for further details. 


As emphasized in the definition, lightning can comprise many channels and branches that delineate a volume 
of space to be avoided. The standoff distances (slant distance) specified in G417.5, "Lightning," and in 
Section (b)(4)(ii) of this rule are to be measured from the nearest part of that volume, which typically has 
dimensions of order 10 nmi x 10 nmi x 10 nmi in isolated thunderstorms. Unfortunately the branched 
structure of a lightning flash cannot always be geolocated because of the lack or deficiencies of available 
instrumentation. This section specifies how the slant distance is to be measured under such conditions. 


Since horizontal distance will always be smaller than or equal to slant distance, (e)(2) gives a conservative 
estimate of slant distance when no altitude information is available from lightning-location equipment that 
does geolocate channels and branches. 


(e)(3) is required to obviate the creation by (e)(2) of a "no-fly" volume that extends to infinite altitude above 
any lightning location for which no alititude information is available. Since the standoff (slant) distance 
specified in the "Lightning" rule is 10 nmi, and since channels and branches can occur at altitudes up to 10 nmi 
above the surface, the vertical component of the standoff requirement is limited to 20 nmi. 
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Appendices 


Eleven appendices that elaborate on the science underlying many aspects of the LLCC follow. Appendices 1-9 
are repeated from the original Rationale Document almost verbatim. Although further copy editing has been 
done on them, the only substantive change is to Appendix 2, which has been significantly updated and to 
which new data analysis has been added at the end of section A2.1. Appendices 10 and 11 are new and specific 
to the present update. (Appendix 7, "Physical and Statistical Basis for VAHIRR," is repeated here, although 
the VAHIRR quantity is no longer used in these updated LLCC, because reference is made to it in several 
places in this update.) These appendices are intended as both reference material for the rationales in Chapter 2 
(specific sections of the appendices are cited extensively in those rationales) and as background and tutorials 
on various topics of fundamental importance to the LLCC. As explained in Chapter 1, the approach of 
relatively brief rationales followed by detailed and often technical appendices was adopted for two reasons: 

1) The level of detail desired in the appendices was judged excessive for inclusion in the rationales themselves, 
which we hope will become working documents for the LWT. 2) The material in the appendices is relevant to 
more than one definition and/or rule and would often have to be repeated several times if included directly in 
the rationales. 


There is one case in which we have deviated from the above philosophy. There is no appendix on 
triboelectrification, in spite of the fact that there are two definitions and one rule in which such an appendix 
might be cited. In this case it was found possible to include the relevant details directly in these rationales 
without unduly lengthening or complicating them. 


Although no attempt has been made here to present a general and easily accessible tutorial on atmospheric 
electricity, an effort was made to order the appendices in the most useful way possible. We have tried to 
present first those that are either of fundamental importance to the LLCC (such as ground-based electric-field 
measurements, lightning intervals, and cloud-electrification processes) or required for the understanding of 
subsequent appendices (such as discussing triggering conditions before the MRR criteria and standoff 
distances that depend on a safe electric-field threshold). We hope that the more technically inclined readers 
with be able to work their way through these appendices in order without excessive difficulty. 
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Appendix 1. Measurement and Interpretation of Surface Electric Fields 


A1.0 Introduction 

Since the application of tall metallic rods and electrical kites in the mid-18" century (see Section A3.0 of 
Appendix 3, "Cloud Electrification"), a variety of sensing techniques has been used to detect and measure 
atmospheric electric fields, or equivalently, the gradient of the atmospheric electrical potential. Because the 
horizontal surface of Earth is everywhere a very good electrical conductor, the atmospheric electric field (E) at 
and just above this surface can be regarded as entirely in the vertical (or z-direction) with positive upward. 
This is called the 'physics' sign convention, as described in the rationale for "electric field measurement" in 
Section G417.3, "Definitions, Explanations, and Examples." (Note: the potential gradient vector is also 
perpendicular to a surface of constant potential, and is directed opposite the electric-field vector. The polarity 
of the potential gradient indicates the dominant polarity of any charges aloft, and as we shall see, in fair 
weather the polarity of the potential gradient at the surface is positive.) 


Al.1 Electric Field Sensors 

Chalmers (1967, Chapter 5) has reviewed many of the sensors that have historically been used to measure 
atmospheric potential gradients, which include potential equalizers like flames and flares, water-droppers, 
radioactive sources, etc.; passive antennas like horizontal wires; corona points; and a variety of field machines. 
In the latter category is the 'field mill,’ which has been found to be reliable in many areas of research and is 
currently the type of sensor that is used in the KSC-CCAFS Launch Pad Lightning Warning System [see 
Merceret and Willett et al. (2010, Sections 3.4.5.1, 5.1.1, and A8.1.1)]. 


Al.1.1 Electric Field Mills 

A field mill contains one or more fixed sensing electrodes (or stators) that are exposed to an electric field, E, 
and these conductors are alternately covered and uncovered by a grounded rotating shutter (or rotor) as 
sketched in Figure Al-1. 


, 


Rotating shutter ~_ 


™ 
Sensing electrode 


Figure A1-1. Sketch of an electric field mill (from TEEE Standard 1227) 


Note: The impedance, Z, in this sketch may be effectively zero, as when connected to a current- 
to-voltage converter such as that illustrated in Figure A1-2. 
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A simplified sketch of the preferred type of preamplifier electronics (a 'current-to-voltage converter,’ 
which keeps the potential of the stators near ground potential) is given in Figure Al-2, and a more 
detailed block diagram is given in Bateman et al. (2007). 


Output 


Figure A1-2. Simplified sketch of the preamplifier circuit in an electric-field sensor. 


The output voltage is proportional to the electric field, E, multiplied by the effective area of the sensor 
plate that is exposed to E (from Bateman et al., 2007). 


Note in Figures Al-1 and A1-2 that when the stators are exposed to the field, E, their surfaces will be charged 
by electrostatic induction, and when the stators are completely covered, those surfaces will be uncharged. 
Because of this, a time-varying current will flow through the impedance network, Z, in Figure Al-1 (or the RC 
network in Figure A1-2) due to the rotor alternately covering and the uncovering the stators. 


Figure A1-3. Photo of the sensing electrodes in a field mill 


The amplitude and phase of the output voltage will depend on the amplitude and polarity of E, the effective 
area of the stators that is exposed to E, and the phase of the rotating shutter. If the signal current is detected in 
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phase with the rotating shutter, using what is usually called a ‘synchronous rectifier,’ both the amplitude and 
polarity of E (or the potential gradient) will be preserved. In this type, used in the LPLWS, a rotating metallic 
shutter alternately covers and uncovers four fixed stators. The rotating shutter is grounded through the shaft of 
a motor, and the outer diameter of the sensor housing is 11.4 cm (taken from Bateman, et al., 2007). 


Figure Al-3 shows a photograph of the sensing electrodes in an electric field mill that is similar to the type 
used in the KSC-CCAFS Launch Pad Lightning Warning System (LPLWS). Note that the spacing between the 
adjacent stators is large enough to keep water drops from being suspended between these sensing elements. 


Other examples of field mill designs have been discussed by Waddel (1948); Malan and Schonland (1950); 
Gunn (1954); Mapleson and Whitlock (1955, who reference many early designs); Smiddy and Chalmers 
(1958); Gathman (1968); Kasemir (1972); Secker (1975); Secker and Chubb (1984); Johnston et al. (1986); 
Rust and MacGorman (1988); Ravichandran and Kamra (1999); Horenstein and Stone (2001); Montanya et al. 
(2007); Chubb and Harbour (2010); and the references cited therein. 


Al.1.2 Calibration of an Electric Field Mill 

Calibration of an electric field measurement can be accomplished in two stages: First, the sensor and the 
associated electronics and mounting hardware should be exposed to a known electric field in a way that 
simulates the natural environment [see, for example, Kasemir (1971) and LPLWS (1992)]. Second, the 
placement of the sensor and the measuring site should be calibrated by comparing the response of each 
sensor/site to that of a reference sensor that is mounted flush with flat ground, away from any nearby objects 
or local sources of space charge. A suitable reference sensor is shown in Figure A1-4. The benefit of this two- 
stage process is that the first (laboratory-calibration) stage can easily be performed any time a sensor is 
maintained, replaced, or suspected of malfunction; whereas the second (site-calibration) stage need only be 
performed once, unless the site configuration is changed. Normally, the calibration of the reference sensor will 
depend only on its geometric dimensions and the values of its circuit components, and these can be determined 
ahead of time from analysis and/or a laboratory calibration; therefore, the reference sensor becomes the final 
standard. (For further details on sensor and site calibrations, see the IEEE Standard 1227 entitled “Guide for 
the Measurement of DC Electric-Field Strength and Ion Related Quantities.”) This configuration can be used 
to obtain an overall calibration of a field mill site. This sensor should be mounted on level ground and away 
from local sources of corona or space charge [From Rust and MacGorman (1988)]. 
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Figure A1-4. A flush-mounted field mill for calibration 


Al1.1.3 Corona Points and Other Sensors 

Ever since the experiments of Benjamin Franklin in the 18" century, sharp points have been used to detect 
thunderstorm electricity. The basic idea is simply to measure the corona or point-discharge current that flows 
through an elevated metallic point when it is exposed to the elements, and many papers have been written 
about quantifying how much current flows in a given electric field environment [see, for example, Chalmers, 
1967, Chapter 9; Chapman, 1970; Chapman, 1977, and the references cited therein]. A corona point that is 
operated with a large series resistance (~10!° Ohms) to ground is a form of potential equalizer that has an 
uncertainty of the order of its corona-emission threshold. Experience has shown that the response of one or 
more corona points to low and moderate fields is nonlinear and depends on the height and geometrical 
configuration of the point(s), the presence of any nearby objects, the amplitude and polarity of the field, the 
speed and direction of the wind, and other meteorological factors (e.g., Byrne et al., 1986). Points and the 
associated insulators and electrometers are also sensitive to displacement currents due to nearby lightning and 
to rain, insects, the formation of dew, etc., all of which complicate the interpretation of the measurements. 
Nevertheless, corona points are simple and inexpensive, and such sensors have recently been used on balloons, 
airplanes, and rockets to measure the high electric fields inside thunderclouds (Byrne et al., 1983; Weber et al., 
1983). Williams et al. (1992) have used ground-based corona points with some success to detect and count 
lightning flashes. 


Radioactive probes and other such potential equalizers are generally useful only for low magnitudes of 
potential gradient, and they suffer most of the same complications as corona points. 


Al.2 LPLWS 

Because electric field mills have proved to be reliable sensors for thunderstorm research under a wide variety 
of conditions, a large-area network of such sensors has been installed at the KSC-CCAFS to detect electrified 
clouds that might present a hazard to launch or ground operations. This network has evolved over the past 30 
years, and is now termed the Launch Pad Lightning Warning System (LPLWS). The beginnings and 
subsequent development of the LPLWS sensors, and the data acquisition and real-time display systems, have 


pes: 


been discussed in Merceret and Willett et al. (2010, Sections 3.4.5.1, 5.1.1, and A8.1.1). It should be noted that 
the LPLWS is the only ground-based instrumentation system that can detect dangerous clouds (high electric 
fields) in the absence of lightning (see Section A1.3.1 below), and to the best of our knowledge it is the largest 
and most accurate network of its type in the world today. 


Figure Al-5 shows a photo of a field mill at LPLWS site 19 after a sensor upgrade in 1994 [see Merceret and 
Willett et al. (2010, Sections 5.1.1, and A7)], and Figure Al-6 gives a map showing the locations of the 
LPLWS sensor sites in 1995. Note in Figure A1-5 that the LPLWS sensors are inverted, with the sensing 
electrodes facing downward from a height of 1 meter, in order to minimize the effects of rainfall and the 
associated splashing. Note also that the site is flat and cleared of vegetation within about 10 m of the sensor. 
This spacing minimizes the effects of corona discharges near the sensor, and/or the production of displacement 
currents due to the movement of grass and trees in the wind, that can introduce complex, time-varying 
fluctuations into a potential-gradient record, especially if plants or other objects are close to the sensor 
(Chalmers, 1964; Arnold et al., 1965). Experience has shown that the LPLWS sensors provide accurate and 
reliable measurements of potential gradients of both polarities, ranging in magnitude from less than 10 V m'! 
to 30 kV m', and of field changes as short as 0.02 seconds (Computer Sciences Raytheon, 2006). 


Figure A1-5. Photograph of a field mill in the LPLWS 


Note: This mill is located at site 19. The sensor is inverted and faces a surface that is flat and 
cleared of vegetation. 


The sensor locations shown in Figure A1-6 were selected because they provided good coverage of the Apollo, 
Space Shuttle, and other launch pads and because AC power and communications lines were available. The 
use of multiple sensors with a typical spacing of about 5 km or less over a large area maximizes the chances 
that any electrified clouds will be detected and minimizes the chances of missing an electrified cloud because 
of a tilted or complex charge structure aloft (e.g., Section A1.3.1 below) or because of one or more 
malfunctioning sensors. 
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Figure A1-6. Map of the locations of the field-mill sites in the LPLWS 


Note: This was the geometry of the Launch Pad Lightning Warning System (LPLWS) at the 
KSC-CCAFS in 1995. (A photograph of a typical site is given in Figure A1-5.) 
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Al.2.1 Examples of Fair Weather Potential Gradients 

Figure Al-7 shows examples of simultaneous recordings of the potential gradient under fair weather 
conditions at five LPLWS sites over a period of one day, July 16, 1995. The five panels in this figure are 
labeled at the left by the FM numbers, increasing downward from 13 to 17. Several things should be noted in 
Figure Al-7: 


1) 


2) 


3) 


4) 


The average value of the potential gradient undulates between +100 V m! and +500 V m' at all sites 
with occasional excursions approaching +600 V m'. Although the underlying potential gradient varies 
somewhat from site-to-site, the persistent positive offset is caused by a quasi-steady negative charge 
on the planet Earth. This so-called ‘global electric field’ contains regular hourly, daily, monthly, and 
seasonal variations and is likely caused by worldwide thunderstorm generators in a ‘global electric 
circuit’ (Roble and Tzur, 1986; Bering et al., 1998; Siingh et al., 2007; and Williams, 2009). Local 
meteorology, however, including the effects of the ‘columnar resistance’ that is controlled by the 
presence of fair-weather clouds and by the vertical distribution of aerosol particles (Sagalyn and 
Foucher, 1956), and those of vertical convection currents that are driven by turbulent mixing in the 
planetary boundary layer (Kraakevik and Clark, 1958; Willett, 1979), also play an important role 
(Hoppel et al., 1986). These factors make the typical time variations over land different at different 
geographical locations (Israel, 1958, Section 58). The high-frequency ‘agitations’ in the fair weather 
records shown in Figure A1-7 are typical of land-based surface measurements and are produced by a 
variety of natural and human causes [see, for example, Israel (1959); Whitlock and Chalmers (1956); 
Chalmers (1967, Chapters 5 and 6); Gathman and Trent (1968); Ogden and Hutchinson (1970); 
Hoppel et al. (1986); Anisimov et al. (1994); and many others], some of which are mentioned below. 


At the KSC-CCABS, the primary causes of high potential gradients (i.e. those that can exceed 1000 
V/m) in fair weather are the effects of surf electrification (Blanchard 1963; Gathman and Hoppel, 
1970; Latham and Miksad, 1974; Reiter, 1994); coronas from high-voltage power lines, particularly in 
the presence of ground fog (Chalmers, 1952; Groom and Chalmers, 1967; Fews et al., 2002; Matthews 
and Henshaw, 2009); a still only partially understood ‘sunrise effect’ (Chalmers, 1967, sections 5.46 
and 8.23; Marshall et al., 1999); and the effects of combustion, such as vehicle exhausts and smoke 
plumes. Other causes include non-thundery clouds, both precipitating and non-precipitating (Israel, 
1959; Reiter, 1968); rain and splashing at the ground (Smith, 1955; Chalmers, 1965); and the 
contamination of sensors due to spider webs, a sea-salt aerosol, and a variety of other factors. At other 
geographic locations, blowing dust or drifting snow can be expected to produce high potential 
gradients in fair weather. None of the above phenomena is dangerous for space launches or the 
associated ground operations; and to minimize false alarms, the value of 1500 V m' that is specified 
in Section (a) of the "Surface Electric Fields" Rule, G417.7, is higher than almost all field excursions 
that occur in fair weather at the KSC-CCAFS. 


FM sites 13 and 16 are located on the seacoast; notice how these sites exhibit considerable agitation in 
the potential gradient after about 1300 GMT. This behavior is typical at the KSC-CCAFS and 
illustrates the effects of a summer sea breeze combined with surf electrification. 


FM sites 15 and 17 are located at isolated sites further inland, and these records have the lowest 
agitation, likely because the effects of surf electrification and man-made space charge are minimal at 
these sites. 


Al.2.2 Examples of Thunderstorm Potential Gradients 

Examples of the surface potential gradients that were produced by a series of small thunderstorms, and were 
recorded at five closely-spaced sites over a period of about 10 hours, are shown in Figure A1-8. Note here that 
the values of the potential gradient are much larger than those shown previously in Figure A1-7, and that 
sometimes there are similar patterns at different sites but at other times there are significant differences 
between sites. 
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Figure A1-7. Summer fair-weather potential gradients at multiple stations 
Note: These were measured simultaneously at five LPLWS sites on a typical day in July. All 


times are in GMT (EDT = GMT — 4 hours). (Note that the gradient appears on different scales in 
these plots.) 
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Figure A1-8. Thunderstorm potential gradients at multiple stations 


Note: These were recorded simultaneously at five measuring sites near the center of the LPLWS 
network on July 28, 1995. The time scale is in GMT, and note that the values of potential 

gradient (again plotted on different scales) are much larger than in fair weather (as in Figure 
A1-7). The large, abrupt vertical transitions are due to lightning, and the relatively large, high- 
frequency pulses at sites 18 and 22 were likely caused by heavy rain and the associated 
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Jacobson and Krider (1976) and Livingston and Krider (1978) have given other examples of the surface 
potential gradients (and the lightning-caused changes therein) that were recorded throughout the life cycle of 
several thunderstorms at the KSC-CCAFS. Figure A1-9 shows the potential gradients that were recorded under 
a variety of storms (and disturbed weather); Figure Al-10 shows more examples of the potential gradients 
produced by small storms; and Figures Al-11 and A1-12 show large storms and the end-of-storm oscillations 
(or EOSOs) that are discussed in Section A3.2 of Appendix 3, "Cloud Electrification." 
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Figure A1-9. Surface potential gradients produced by different sized storms and by disturbed weather 


Note: The surface potential gradient (in kV m‘!) produced by (a) a small and (b) a medium-sized 
storm at the KSC-CCAFS; (c) shows a portion of a larger storm, and (d) shows a long electrical 
disturbance that was produced by weather associated with a low pressure system [from 
Jacobson and Krider (1976)]. The scales for the potential gradient are all the same, and the time 
tics are marked every 10 minutes. 


Note in Figure A1-10 that the abrupt, lightning-caused changes in the surface potential gradient are typically to 
large values of the opposite polarity and that, after such changes, the potential gradients recover to 
approximately pre-discharge levels in just a few, to a few tens of, seconds. The strong reversals in polarity are 
caused by the presence of space charge that was produced by corona at or near the measuring site, and the 
subsequent recoveries are caused primarily by the regeneration of electricity in the cloud aloft. 
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Figure A1-10. Potential gradients beneath six small storms 


Note: These plots present the potential gradients (in kV m") that were produced near the centers of air 
mass storms at the KSC-CCAFS. Note that the storm on July 19, 1976, produced three consecutive cells 
of lightning activity between 1640 and 1720 GMT [from Livingston and Krider (1978)]. 


Figure A1-11 Evolution of potential gradient during a large air-mass thunderstorm 


Note: These gradients (in kV m") were recorded at FM site 18 throughout the lifetime of a 
storm on June 16-17, 1975. The beginning and ending times of the active lightning phase are 
marked by arrows on the time-axis [from Livingston and Krider (1978)]. 


Livingston and Krider (1978) have noted that large storms at the KSC-CCAFS (as in Figures Al-11 and Al- 
12) tend to evolve through an initial, an active, and then a final phase of electrical activity. The surface fields 
during the active phase are, on average, smaller than during the final phase, even though 71% of all lightning 
flashes occurred during the active phase, which represented only 27% of the total storm duration. The final 
phase of large storms usually produces very large potential gradients (or electric fields) of both polarities that 
vary slowly between infrequent lightning discharges (the EOSO). The final lightning flashes cause large 
discontinuities in the potential gradient of both polarities, and those flashes usually involve extensive 
horizontal discharges within the cloud (sometimes even with one or more ground attachments). 
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Figure A1-12. Evolution of potential gradients during a very large storm 


Note: These time series (in kV m‘!) were recorded at sites 7, 13, and 18 throughout the lifetime 
of a very large thunderstorm on July 10, 1975. The effects of the storm's motion from the 
northwest to the southeast can be seen in the time-delays at the beginning of these records. The 
arrows on the time-axis show the approximate beginning and ending times of the active lightning 
phase [from Livingston and Krider (1978)]. 


Another phenomenon of relevance to the LLCC is the occasional occurrence of lightning discharges of 
very long horizontal extent. Such discharges often occur in anvil clouds and trailing stratiform regions 
of large thunderstorms or mesoscale convective complexes (see also Section A3.6 and A3.8.3 of 
Appendix 3, "Cloud Electrification," and Section 4.0 of Appendix 4, "Electrical Aspects of Stratiform 
Electrification"); they are sometimes referred to as 'spider lightning.' 
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Handel (2000) has shown that the LPLWS can identify the possibility of long horizontal lightning 
discharges propagating into the KSC-CCAFS area from active storms in the distance. Thirteen such 
events were identified from LDAR records as extending over parts of the field-mill network from 
points of origin that were at least 10 nmi outside its perimeter. (The meteorological context of these 
discharges was not discussed.) Most of these events brought negative charge into the region, and all 
were immediately preceded by field magnitudes in excess of 1000 V m' (see Section (b) of the 
"Surface Electric Fields" Rule, G417.7) at a majority of LPLWS sites. Only two events violated the 
1000 V m' criterion at every site, however, and the number of sites not violating the criterion was as 
large as 10. The sites that had lower pre-existing fields tended to be located between regions of high 
fields of opposite polarity, emphasizing the value of a wide-area network like the LPLWS. 


Al.3 Analysis of Thunderstorm Potential Gradients 

One of the original purposes for installing the LPLWS was to be able to make maps of thunderstorm potential 
gradients, but even a cursory look at the above records shows that, once a storm starts to produce lightning, the 
potential gradient (or electric field) is no longer a slowly varying quantity; therefore, maps of the instantaneous 
potential gradient (or electric field) can be expected to change rapidly with both time and space. These changes 
will complicate the interpretation (and utility) of such maps by weather forecasters. Livingston and Krider 
(1978) have computed time-averages of the potential gradients under a variety of storms, and even those 
averages exhibit significant variations. 


In our discussion of Figure A3-8 in section A3.2 of Appendix 3, "Cloud Electrification," we note that the 
values of thunderstorm electric fields, both before and after lightning, tend to saturate (or be limited by the 
space charge produced by corona discharges) to values that are less than about +10 kV m', and Figures A1-8 
to Al-12 above show the same effects. In the following section (A1.3.1), we will show several examples of 
smaller fields that were recorded just before and during the onset of cloud electrification and the first lightning 
discharges. At these times, maps of the potential gradient are useful if storms are building in the area. Later, in 
section Al.3.2, we will also show how maps and analyses of the lightning-caused changes in the potential 
gradient (or changes in the electric field, AE) can often be used to determine where discharges occur and how 
much charge was involved in the flashes. The implication of the AE analyses for cloud electrification are 
described in section A3.2 of Appendix 3. We will conclude by showing how analyses of the field recoveries 
after a lightning flash can often be used to determine the location and strength of thunderstorm current sources 
aloft. 


Al.3.1 Onset of Storm Electrification 

Most thunderstorms that occur at the KSC-CCAFS are initiated somewhere else and then move into the area of 
interest. Such storms usually produce surface electric fields (or potential gradients) that are larger than 

1000 V m' whenever they are within 10 km to 15 km. It is relatively rare to have a slow-moving storm begin 
directly over the LPLWS. Handel (2000) has examined the potential gradients that were recorded under and 
near 14 small storms as they developed and began to produce lightning over the LPLWS. The potential 
gradients under five of those storms are shown in Figure A1-13, and here the approximate distances to the 
centers of the storms are given in parentheses. It should be noted that the initial disturbance in the potential 
gradient can usually be detected a few minutes before the first lightning discharge, but Handel (2000) found 
that the exact interval depends on the location of the measuring site with respect to the storm. In the majority 
of cases, the first detectable disturbance in potential gradient close to, or directly under, the storm was positive, 
and this was followed by a negative excursion at later times. The initial disturbance at more distant sites 
tended to start several minutes after that at close sites, and was usually negative. 


The first lightning flash is typically a small intracloud discharge; however in one storm, the first discharge was 
a cloud-to-ground (CG) flash [see plot (e) in Figure A1-13]. The first CG flash tends to occur after the first IC 
discharge by times ranging from 1 minute to 6 minutes. Also, CG flashes tend to occur close to sites that 
exhibit a persistent, positive offset in potential gradient prior to the discharge. The causes of this offset appear 
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to be either the cloud electrification mechanism(s) producing a lower, positive charge center that is closer to 
the ground, in which case the onset of the field is slow (as in plot (c) of Figure A1l-13); or the cause can be an 
intracloud discharge that leaves a residual positive charge at low altitudes, in which case the creation of the 
positive offset is abrupt (as in plot (b) in Figure A1-13). 


960611 


Site 16 (2.7 km) Initial Disturbance 


2000 T Qo 
b) IGs 
; ? 

-2000 ee ike km) Initial Disturbance 

-4000 4 " 4 | 4 4 44 1 4 4 4 4 1 pT, 4 1 eet n 
E 16:00:00 161000 16:20:00 16:30:00 16:40:00 16:50:00 17:00:( 
= 
= 
2 Initial Disturbance §=————____ 
ae) 
& 
Oo 950723 
g- Site 12 (0.8 km) 
e 1 
g 19:30:00 1940.00 19.50.00 20,0000 20:10:00 20:20:00 20:30: 

2000 


970717 _ q]] / Nee 


-2000 Site 15 (1.0 km) Initial Disturbance ~ Ay NY 


Pg SE DS a Ma ee ee ee eee 


17:00:00 = 17:10:00 938172000 3=17:300 174000 17:5000 180000 181000 18200 1830: 


be Initial Disturbance 


Site 30 (1.3 km) ae 


08:40:00 04:00:00 04:20:00 04:40:00 06:00:00 06:20:00 
Tine (UIQ 


Figure A1-13. Evolution of potential gradients directly under five small storms 


Note: These potential gradients and abrupt lightning-caused changes therein were recorded 
near the electrical center of stationary thunderstorms at the KSC-CCAFS during their onset 
[from Handel (2000)]. 


Handel (2000) did not present detection ranges for small storms that formed over the LPLWS, but he did 
tabulate the number of field-mill sites that might have violated Section (b)(1)(iii) of the "Cumulus Clouds" 
Rule, G417.9 — that is, the field exceeded the range (-100, +500) V m‘! — within the 15 minutes before the first 
lightning discharge (including intracloud discharges). These numbers ranged from only two to as many as 26, 
with a median of 8. (Note that no information was presented on the cloud-top temperatures of these storms.) 
However, four of the 14 storms studied did not violate Section (b) of the "Surface Electric Fields" Rule, 
G417.7 — that is, no field mill exceeded 1 kV m'! — during the same 15 minute interval. These results suggests 
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that the detection range by a ground-based field mill for new storm formation may be as little as a few 
kilometers, again emphasizing the importance of a relatively dense, wide-area network like the LPLWS. 


Handel (2000) concluded that the initial potential gradients under small, stationary storms are consistent with 
the formation of a lower positive charge center that appears first directly under the storm; that this lower 
positive charge is followed by the development of a larger, negatively charged region at higher altitudes; and 
that eventually an upper positive charge can be detected at more distant sites. One result of this time 
development is that the first maps of the electric fields produced by an overhead storm tend to show a positive 
(or a reduced negative) “donut hole” in the potential gradient close to the center of electrical activity, and this 
indication of a lower positive charge tends to be followed by the effects of a larger, negative charge center at 
later times. Because the LPLWS is a large-area network, the hazard criteria that are specified in the LLCC are 
very effective for detecting electrified clouds with a minimum of false alarms; however, in three of the 14 
cases studied by Handel, the initial disturbance was close to being undetectable before the first lightning 
discharge, so vigilance is important. 


Al.3.2 Analysis of Lightning-Caused Changes in the Potential Gradient 

Figure Al-14 shows the potential gradients that were recorded under and near a small thunderstorm on July 
18, 1974. Note how the amplitudes and sometimes the polarities of the abrupt lightning-caused changes in 
potential gradient vary from site-to-site. Note also how, when the flashing rate is low, how the potential 
gradient tends to recover back to pre-discharge levels after a few tens of seconds. (This latter observation will 
be discussed further in section A1.3.3 below.) 
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Figure A1-14. Potential gradients at multiple stations during a small thunderstorm 
Note: These traces (in kV m‘!) were recorded simultaneously on July 18, 1974 from a storm 


located close to FM site 20. The arrows mark the times that lightning flashes were visually 
observed to strike the ground. 
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In our discussion of Figure A3-9 in Section A3.2 of Appendix 3, "Cloud Electrification,” we point out that 
simple models can often be used to describe the changes, AE, in potential gradient recorded at different sites in 
an optimum way, and that the parameters of those models provide the locations and magnitudes of lightning- 
caused changes in the cloud charge distribution aloft. 


The analysis begins by assuming the simplest model, i.e., a model with the smallest number of unknown 
parameters such as a point charge, and then a search is made for the model parameters that minimize (in a 
least-squares sense) an error function involving those parameters and the measured AEs. If the minimum in the 
error function is small and consistent with the expected measurement errors, the search procedure stops and 
the model and parameters are regarded as valid. If the error is large, then the search can be repeated using a 
more complex charge model (i.e., one with more parameters such as a point dipole), and if necessary there can 
be additional searches, until a satisfactory fit is obtained. The inferred charge parameters will never be unique, 
of course, but if the error function is small and if the parameters are physically reasonable, the solutions are 
usually regarded as valid. Several examples of this analysis are given in Figure A1-15, in which the point- 
charge model has been successfully fitted to field change data for several cloud-to-ground flashes. 
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Figure A1-15. Measured and modeled lightning-caused changes in potential gradient 


Note: The gradient, here labeled ‘electric field,’ is shown as a function of horizontal distance from 12 
cloud-to-ground lightning flashes at the KSC-CCAFS. The parameters listed include the center of the 
charge 'lowered' by the flash, Q, in Coulombs at altitude, H, and all distances are in kilometers. C? is a 
measure of agreement between the model and the measurements [from Jacobson and Krider (1976)]. 


89 


Al.3.3 Analysis of Field Recoveries 

At this point in our discussion of thunderstorm electric fields (or potential gradients), we should point out that 
any maps of a quasi-static field (i.e. when the potential gradient varies slowly with time), or of the field 
recovery following a lightning flash, must be interpreted in the context of both what is happening in the 
atmosphere and what is happening on or just above the ground. Two related aspects of this problem are 
important, the effects of corona at the ground in high fields and the effects of the cloud and the conducting 
atmosphere aloft. 


Al.3.3.1 The Corona Current 

When Earth's land surface is exposed to moderately strong ambient electric fields, ‘corona discharges' of the 
sort mentioned in Section A1.1.3 will occur on most structures and vegetation, as outlined in the rationale for 
the "Surface Electric Fields" Rule, G417.7. Whipple and Scrase (1936) may have been the first to suggest that 
this corona current produces a blanket of space charge near the ground that is likely stored on relatively 
immobile particles in the atmospheric aerosol, and that this space charge can modify both the surface field and 
its recovery after a lighting discharge. The first conclusive observations of this phenomenon were reported by 
Standler and Winn (1979), who showed that the vertical electric field (or potential gradient) beneath 
thunderstorms often increased by several times over a few hundred meters of height, both at the KSC in 
Florida and at the Langmuir Laboratory in New Mexico. This behavior occurred primarily when the surface 
fields were larger than a few kV m' and relatively steady. The fact that the corona-current increases rapidly as 
soon as the ambient field exceeds a surface-dependent threshold, causes the surface field to be limited to, or 
‘clamped' at, a steady level near the corona threshold, even though the field aloft is much larger than that 
threshold. When this apparent ‘saturation’ occurs, the field at the ground is only weakly related to the field 
aloft. The surface fields at KSC appear to saturate at values around 3 kV m', whereas at Langmuir Laboratory 
the 'saturation' values are 7 kV m'! to 10 kV m', presumably because of differences in altitude, topography, 
and ground cover. 


Chauzy et al. (1991), Soula and Chauzy (1991), Soula (1994), and the authors cited therein have summarized 
simultaneous measurements of electric field at several altitudes throughout the lowest 600 m of the atmosphere 
over land beneath thunderstorms at KSC. The observations were compared with a time-dependent, numerical 
model that incorporated surface coronas, small-ion drift velocities and recombination, and small-ion 
attachment to both uncharged and oppositely charged aerosol particles. The authors showed that both the 
vertical gradient of the electric field and the shapes of the field recoveries following lightning discharges, at 
the surface and at intermediate altitudes, could be explained quite well in terms of the time-dependent fields 
measured aloft and the model-predicted corona currents, conduction currents, and space charge stored on both 
small ions and aerosol particles. In particular, the effect of aerosol charging and the resulting immobilization 
of the space charge was found to be significant. Saturation of the surface field occurred at a few kV m' while 
the field aloft continued to increase between lightning flashes, and this was shown to be the result of the 
accumulation of corona space charge in the lowest few hundred meters of air. This ‘space charge blanket’ 
strongly affected both the slowly varying background field and the field-recovery waveforms between the 
surface and a few hundred meters aloft. 


Al.3.3.2 The Maxwell Current 

The fact that the cloud is itself embedded in an atmosphere that is a weak electrical conductor, where the 
conductivity increases approximately exponentially with altitude (Gringel et al., 1986; Reid, 1986), has a large 
effect on the values and the time behavior of the surface potential gradient. One consequence of the increase in 
conductivity with height is that many of the so-called “lines of electric force” do not terminate on the ground, 
but instead terminate on conducting layers in the middle and upper atmosphere (Holzer and Saxon, 1952; Tzur 
and Roble, 1985). Figure A1-16 illustrates this phenomenon as it might affect the steady-state field lines 
produced by a hypothetical constant current source aloft (in the absence of clouds). 
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Figure A1-16. Geometry of the electric field produced by a steady current source 


Note: This sketch shows an atmosphere with (A) constant conductivity and (B) a conductivity 
that increases exponentially with height [patterned after Kasemir (1959; 1963)]. The lines are 
lines of constant electrical potential. (Note: neither A nor B includes the effects of clouds or 
screening layers that are discussed in Appendix 6, "Electrical Properties and Decay of Electric 
Fields in Cloudy Air."') 


The response of the conducting atmosphere outside the cloud also affects the time-behavior of the field 
recovery following a lightning discharge (Illingworth, 1972; Browning et al., 1987; Deaver and Krider, 1991). 
The spatial and temporal behavior of the vector electric field in three-dimensional space can be conveniently 
characterized by another vector quantity called the ‘total Maxwell current density.’ Very briefly, the Maxwell- 
current density is the sum of the conduction, convection, precipitation, corona, lightning, and any other 'real’ 
current densities that are produced by the motion of free charges, plus the ‘displacement current density’ that is 
produced by a time-varying electric field. In 1865 James Clerk Maxwell showed that for many purposes it is 
not the ‘real’ current (physical motion of net electric charge through space) but the total Maxwell current that 
matters. Loosely speaking, the displacement-current component of the total Maxwell current accounts for the 
accumulation of net charge, either in the atmosphere or on surfaces, in such a way as to make the total 
Maxwell current density non-divergent. This means that the lines of the vector Maxwell current density form 
closed loops in three dimensions, without sources or sinks (e.g., Reitz and Milford, 1967, Section 15-1). The 
divergenceless property reflects the conservation of charge and is of interest here because it effectively allows 
us to see through the cloud boundaries (on which screening layers can form and obscure the internal charge 
distribution -- see Section A6.2 of Appendix 6, "Electrical Properties and Decay of Electric Fields in Cloudy 
Air") and to assess the location and strength of the electrical generator inside the cloud. The basic physics of 
the Maxwell current is summarized nicely by Krider and Musser (1982, Section 1). 


Following the observations by Standler and Winn (1979) and the related analysis of Standler (1980), Krider 
and Musser (1982) pointed out that the displacement current density (proportional to dE/dt) produced by a 
time-varying electric field will dominate all other components of the total Maxwell current density in surface 
measurements (displacement, conduction, corona, precipitation, and likely convection) between lightning 


91 


discharges (especially when the values of the electric field are near zero). Since the conservation of electric 
charge requires that the Maxwell current density be a solenoidal vector field (i.e. its ‘lines’ form closed loops), 
Krider and Musser (1982) also hypothesized that the total Maxwell current produced by a storm (approximated 
by an area integral of the Maxwell current density at the surface) is a physical quantity that varies slowly 
throughout the evolution of a storm. Therefore this integral should be coupled directly to the meteorological 
structure of the storm and/or to the cloud dynamics. 


Krider and Blakeslee (1985) tested these ideas by comparing direct measurements of the total air-earth 


(Maxwell) current density with the displacement current densities measured at the experiment site. The results 
are shown in Figure A1l-17. 
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Figure A1-17. Surface potential gradient and total Maxwell current density 


Note: Direct measurements of the surface potential gradient (labeled E) are shown in the upper plot, 
and of the total (Maxwell) air-earth current density (labeled J,,) in the lower plot. Notice that the values 
of J between lightning discharges are all about 10 nA m” [from Krider and Blakeslee (1985)]. 


Krider and Blakeslee (1985) also compared their measurements of displacement current (computed from 
measurements of the electric field, E) with the values that were inferred from interpolations of the LPLWS 
measurements, and the results were within experimental errors. As a result, Krider and Blakeslee were able to 
use LPLWS data to create a series of maps that show how the inferred current density produced by a storm 
aloft behaves in space and time, and estimate the location and magnitude of the total storm current. An 
example is shown in Figure A1-18. Here the solid contours are lines of equal current density in increments of 
0.5 nA m* (the outer dashed contour is 0.25 nA m7), as inferred from LPLWS measurements of dE/dt near 
zero crossings of E at field mill sites shown by dots; the locations of the lightning charges are marked with x’s, 
as inferred from analysis of the field changes from LPLWS; and the heavy and dashed and solid lines show the 
perimeter of radar echoes at 7.5 km and 10 km altitude, respectively, at ~2.5 min intervals. 
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19:20:41 19:23:15 
Figure A1-18a. Evolution of Maxwell-current-density contour maps 
Note: This time-series of maps shows how the total (Maxwell) current density produced by a small, 
isolated thunderstorm evolved with time on July 11, 1978. The ending times (UT) of the averaging 


intervals are shown in the lower right corners of the panels, and the locations of active field mill sites are 
shown as dots [from Krider and Blakeslee (1985)]. 
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Figure A1-18b. Evolution of Maxwell current density contours (continued) 
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Figure A1-18c. Evolution of Maxwell current density contours (continued) 


Al.4 Conclusion 

A large-area network of electric field mills is clearly a unique and powerful tool that weather forecasters can 
use to identify the presence and location of atmospheric electrical hazards aloft. It can be used to detect the 
onset of cloud electrification, to find the locations and magnitudes of lightning charges, and even to trace the 
evolution of a cloud current source aloft. It has considerable value as a stand-alone system, but it has even 
more value when its data are used and interpreted in conjunction with other systems like weather radars, 
surface and upper atmospheric wind measurements, soundings, etc. 
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Appendix 2. Spatial and Temporal Intervals Between Lightning Discharges 


A2.0 Introduction 

Natural lightning discharges almost always begin inside the cloud with a process that is called the 'preliminary 
breakdown.’ Roughly 2/3 of all flashes remain inside the cloud, or propagate from one cloud to another or to 
clear air, and are known collectively as 'cloud discharges.' Roughly 1/3 of all flashes propagate from cloud to 
ground and are called CG flashes or ground discharges. CG flashes can be further classified as ‘positive’ or 
‘negative' according to the polarity of the charge that is effectively transferred to ground. Most CG flashes 
occurring in the warm season are negative, but some storms, particularly those in the Great Plains, are 
dominated by positive CG discharges. Further details about the types of lightning discharges and their 
characteristics can be found in books by Uman (1976; 1990), MacGorman and Rust (1998), Rakov and Uman 
(2003), and elsewhere. 


In the following, we will discuss some of the spatial and temporal characteristics of CG lightning that have 
been determined primarily using networks of gated, wideband antenna systems and electronics that respond to 
the electromagnetic impulses radiated by ‘return strokes,’ the high-current components of CG flashes. 
Examples of such detection systems are the CGLSS and NLDN that have been discussed by Merceret and 
Willett et al. (2010, Sections 5.1.3, A8.1.2, and A8.1.4). These networks report the locations of the ground 
strike points and other characteristics of each stroke such as an estimate of the peak current and its polarity. 
We will also refer to data obtained from the LDAR and similar systems that have been designed to detect the 
air breakdown processes, such as the preliminary breakdown inside the cloud and the subsequent development 
of leader channels both inside and outside the cloud, that radiate VHF radio impulses (see Merceret and Willett 
et al., 2010, sections 5.1.2 and A8.1.3). 


A2.1 Horizontal Distances 

The average 2-dimensional, horizontal distance between successive cloud-to-ground (CG) lightning strikes can 
be viewed as a minimum stand-off distance from natural lightning. Hatakeyama (1958) [see also Figure 11 in 
Pierce (1974)] found that all of the visually observed ground flashes under a small thunderstorm in Japan 
struck within 10 km of the previous flash. It should be noted that this distance is not much larger than the 
maximum separation distance between successive ground strike points (about 7 km) that occur in about half of 
negative multi-stroke flashes (Thottappillil et al. 1992; Valine and Krider, 2002). Using a network of gated, 
wideband lightning direction-finders, Krider (1988) found that the average horizontal distance between 
successive first strokes in CG flashes in three nearly stationary storms at KSC ranged from 3.2 to 4.2 km in 
three nearly stationary storms at KSC, with standard deviations that were about 2/3 the means. Using similar 
detection technology, Lopez and Holle (1999) and Holle et al. (2003) have reported that the average distances 
between successive first strokes range from about 5.2 km under small Florida storms to about 8.6 km under a 
large, multicell storm in Oklahoma, and that 95% of the inter-flash distances are less than 13 km in FL and 14 
km in OK. 


Jacobsen and Krider (1976) found that all of the CG flashes produced by convective clouds at KSC struck 
within 18 km (10 nmi) of the inferred centers of where lightning changed the cloud charge distribution (see 
their Figure 16), and in a similar study, Oram and Krider (1991) found that 95% of the first strokes in CG 
flashes struck within 12 km of the inferred charge centers. Murphy et al. (1996) analyzed one small and one 
large storm at KSC and found that most of the horizontal distances between the inferred cloud charge centers 
and the CG lightning strike points were less than 10 km; the average distance was 3.9 km and the standard 
deviation was 3.3 km. Murphy et al. (1996) also note that a 3.9 km average distance is consistent with a 
horizontal displacement that might be expected from the random geometrical development of the stepped- 
leader as it propagates from the altitude of the lightning charge (typically 7 to 9 km in Florida) to the ground. 


Murphy et al. (1996) also pointed out that, since the geometrical development of a stepped-leader is a quasi- 
random, stochastic process, there will tend to be relatively few events that strike directly under a concentrated 
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cloud charge distribution and that more flashes will tend to strike close to where the area density of ground 
strikes is high, at distances up to 5 km from the center of the charge region. 


More recently, Fuelberg, et al., [2014] have conducted a unique study of the horizontal development of 
lightning channels within and near isolated thunderclouds at KSC using the LDAR II system. They have 
measured how far the CG lightning strike points (NLDN and CGLSS systems) and elevated branches/channels 
are from the 30 dBZ radar cores, the 18 dBZ high-precipitation areas, and the 0 dBZ cloud edges inferred 
using NWS weather radar data. Although their dataset for non-anvil lightning is small, their results expand on 
the prior (first-stroke-only) literature cited above and McNamara [2002, cited below] and are consistent with 
our determination of a 10 nmi (18 km) standoff distance from the non-transparent cloud edge to avoid natural 
lightning. Based on personal communication with the authors, it appears that lightning can extend the greatest 
distance beyond the cloud edge for anvil clouds. For their relatively small sample of 61 non-anvil intra-cloud 
flashes, none was seen to extend beyond 15.3 km from the 0 dBZ cloud edge. Roughly 90% of all anvil 
lightning (more than 1700 total flashes) remained within the 0 dBZ cloud edge, with only 0.12% extending 
more than 14 km from cloud edge, although one of these flashes did extend to 20.3 km. 
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Table A2-1. Summary of CG lightning flash separation distances 


Note: This table summarizes the horizontal distances between radar-based storm centroids and the 
points where CG lightning contacts the ground and the distances between successive CG strikes in 
different geographic locations [from McNamara (2002)]. 


In addition to risks associated with the launch of space vehicles, natural lightning also poses a threat to 
personnel and property on the ground, especially in lightning-prone regions such as Florida. In this context 
McNamara (2002) has examined the validity of the 5 nmi stand-off distance that is currently used to issue 
lightning warnings for ground operations at military and civilian airports (Renner, 1998). For this “challenge,” 
McNamara reviewed previous measurements (i.e. prior to 2002) of the horizontal extent of cloud-to-ground 
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flashes, and Table A2-1 summarizes those results. He also measured the horizontal distances between the 
beginnings of CG flashes, as inferred from the locations of the first LDAR sources inside storms, and the 
subsequent NLDN ground strike points for more than 1.5 million CG strokes that struck near the KSC-CCAFS 
from March 1997 through December 2000. The results of those measurements are shown in Figure A2-1 and 
Table A2-2. We note that the results for Renner shown in Table A2-1 show the largest distances (10 nmi), but 
this was for April only. For July, 85-90% were within 10 nmi. 


CG Lightning Distance Distribution for 
March 1997 - December 2000 


(x1000) 


Lightning Strokes 


> &£ FF & 2 BH 
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Figure A2-1. Histogram of horizontal distances between the initial LDAR sources and the associated 
ground strike points 


Note: The sample includes 1,585,275 CG strokes near the KSC-CCAES [from Figure 8 in McNamara 
(2002)]. 


Number of Mean Median Percentile at [Distance at 90th 
Strokes | Distance (n mi)| Distance (nmi)} Sumi(%) | Percentile (n mi)j Percentile (n mi)} Percentile 
| | 


pring | 198,743 


we 


Ww |r . 
a | ee lS | 


| 19974 
Winter | 33308 
Period 


rm 


Table A2-2. Statistics of the horizontal extent of CG lightning flashes 
Note: These horizontal distances are between the LDAR initiation points and the associated ground 


strike points as in Figure A2-1. The sample of 1,585,275 strokes has been further stratified by season 
and by the percentages that were within the given distances [from Table 4 in McNamara (2002)]. 
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Figure A2-1 and Table A2-2 show that 28.4% (i.e. 100% - 71.6% = 28.4%) of all CG strokes propagated 
horizontally beyond the 5 nmi distance criterion that is used for lightning warnings in ground operations, and 
this percentage increased to 38.5% and 34.6% in the spring and winter seasons, respectively. McNamara also 
noted that there was a clear tendency for strokes that had a higher estimated peak current (as reported by the 
NLDN) to propagate shorter distances, and strokes that had lower estimated peak currents propagated to larger 
distances and appeared to originate at higher altitudes [see Figures 9 to 14 and Tables 5 and 6 in McNamara 
(2002)]. Because the percentage of strokes that exceeded 5 nmi was rather large, McNamara suggested that the 
5 nmi criterion used for ground operations might not be adequate and might put Air Force assets at risk; 
however, he also noted that the current methods of implementing lightning warnings are conservative and that 
there will always be a tradeoff between the "amount of risk to which one is subjected versus the importance of 
the mission at hand." 


It should be noted that the standoff distance between the lightning (or cloud edge) and the flight path in the 
"Lightning" Rule, G417.5, is 10 nmi rather than the less conservative 5 nmi used to issue lightning warnings in 
ground operations. Additionally, the standoff from thunderstorms in the LLCC is from the edge of the cloud, 
not the centroid of the storm or the initiation point of the lightning that were used by McNamara. (See the 
rationale for the "Lightning" Rule for a discussion of how the stand-off distances are to be determined and 
why.) 


In recent years, lightning discharges that strike tall towers have been studied using high-speed photography 
(Warner, 2010; Warner et al., 2011). An interesting result from this work has been the observation that a large 
fraction of tower strikes are actually upward-propagating discharges that are initiated or ‘triggered’ by a 
nearby lightning flash (usually of positive polarity). The stand-off distance of 10 nmi from the nearest part of 
any lightning discharge (Section G417.5(a) of the "Lightning" Rule) will reduce the chances of any ‘lightning 
triggered by lightning’ that might be initiated by a vehicle during ascent, or on the launch pad during a 
countdown. (See also discussion of earlier speculations to this effect in Section A5.1 of Appendix 5, 
"Conditions for Triggered Lightning.") 


At this point, we would like to point out that to first order, the chances that a vehicle will experience a nearby 
or direct (not triggered) lightning strike, either on the launch pad or during ascent, is proportional to the area 
density of CG strikes that are expected in that local region multiplied by the 'threat area’ presented by the 
vehicle and its contents. Since the normalized area density of CG strikes from a localized source will decrease 
with distance from that source, just a count of the number of events that strike within a given range interval 
from a prior strike, or from the inferred location of the lightning charge, or from the first LDAR sources inside 
the cloud will tend to overestimate the chances that a vehicle will receive a nearby or direct strike from that 
source. Krider (1988) has shown that the area density of the “next strikes” is close to zero at distances of 8 km 
or more from the previous flash under small stationary storms, and Murphy et al. (1996) have shown that the 
area-density of CG strikes is close to zero at distances of 10 km or more from the inferred lightning charge 
centers (see their Figure 21). 


The primary threat area in which the occurrence of a CG lightning stroke will present a hazard to an 
unshielded space vehicle is dominated by the range at which Faraday induction causes a voltage transient that 
is large enough to damage or upset the electronics in the vehicle or its payload. We can estimate a minimum 
‘threat range' from the peak amplitude of the voltage impulse that will be induced in a circuit or wiring due to 
the dB/dt from a natural first stroke at that distance. If the area enclosed by the circuit is favorably oriented, 
then we can simply multiply the circuit area by dB/dt [i.e., AV = dB/dt x Area], and the value can be scaled 
according to the design of the vehicle and its electronics. Since the early, fast-rising portion of the magnetic 
flux density, B, from a natural first stroke is dominated by the radiation-field component, we know that 

E/B =c, the speed of light. From the 1985 measurements reported by Willett et al. (1998, Table 1) and 
discussed further by Murray et al. (2005), we also know that the mean peak dE/dt from first strokes, range- 
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normalized to 100 km, is 42+13 V m' us", after correcting for the effects of propagation. A peak dE/dt of 42 
V m' us" at 100 km implies that the peak dB/dt at 100 km is 1.4 x 10°77 Wb m? us! or 0.14 uT us"! in mks 
units. [Note: 1.0 Wb m? = 1.0 Tesla (T)]. 


Radiation-field amplitudes scale as the inverse of range, so calculations of the maximum voltage pulse 
produced in a given unshielded circuit at a given range from the ground-strike point are straightforward. For 
example, at 1 km the mean maximum dB/dt is 1.4 x 10° T, which will produce a voltage pulse, AV, of 14 V if 
the circuit area is | m?. This voltage is large enough to upset or damage low-voltage electronics, and of 
course, a larger voltage might be induced in a larger circuit or by a strike at a closer range. 


The probability of occurrence of such a voltage pulse can be estimated from the data of McNamara (2002). 


Based on the above example, we may regard any CG strike within 1.0 km as dangerous, and we may therefore 
take our threat area as x km? or about 0.3 nmi’. 
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Area Density vs. 1 nmi Range Bin 


Figure A2-2. Re-normalized area density vs. range derived from data of McNamara [2002] 


Figure A2-2 shows our re-analysis of McNamara’s data plotted as area-density of CG strike points per flash 
initiation at a given range. Assuming that the lightning detection systems or observers report all the discharges 
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that actually occur, and that about 1/3 of those events are cloud-to-ground, we can estimate the chance that an 
observed event will be a CG stroke striking within our threat area simply by multiplying that area by 1/3 and 
by the value shown in Figure A2-2 at the distance from the vehicle at which the lightning initiated. Thus, if 
any discharge is initiated at a distance of 10 nmi from the space vehicle, the probability that it will be a CG 
stroke that could pose a hazard to the space vehicle will be (1/3) x 0.3 x 0.0006 = 0.00006, which is of the 
order 10%. This probability will, of course, depend on (1) the distance to the lightning initiation point, (2) the 
threat area, which in turn depends on the area, orientation, and shielding of the circuits that might be affected, 
and (3) the magnitude of an acceptable voltage pulse that could be induced in those circuits, as indicated 
above. 


Given the above, and the fact that the LLCC currently require stand-off distances to be measured from the 
nearest portion of a highly-branched lightning flash that is either inside or outside the cloud (or from the edge 
of the cloud that produced the lightning), a stand-off distance of 10 nmi (18 km) includes an additional margin 
of safety for pre-launch spaceflight operations. (A different kind of justification for the 10 nmi standoff 
distance, specifically applicable to a vehicle in flight, has been derived from the dataset of McNamara (2002) 
and is presented in Chapter 2, "Rationale for G417.5 Lightning.) 


A2.2 Time Intervals 

The expected time-interval between the last lightning discharge in a storm and the previous flash is 5 to 10 
minutes near the end of most isolated, convective storms (Livingston and Krider, 1978; MacGorman and Rust, 
1998; Anderson, 2009; and Stano et al., 2010), but occasionally, a terminating cell will stimulate new 
convective growth and produce lightning with a time-to-onset that is comparable to that in a growing cumulus 
cloud. Because of these factors, the rationale for both sections of the "Lightning" Rule, G417.5, states that "a 
30-minute waiting period after the last lightning flash occurs has been used to ensure that any high vector 
electrostatic fields aloft will have decayed to a safe level along the flight path.” The rationale also notes that a 
30-minute waiting period is just twice the 15-minute interval that a trained weather observer will normally add 
to the time of the last audible thunder when defining the ending-time of a thunderstorm (Changnon, 1993; 
FMH No. 1, 2005). A 30-minute waiting period provides a modest margin of safety and an interval that is long 
enough to identify any new convective clouds that form within 10 nmi of the flight path. However, a 30- 
minute waiting period remains a legacy provision (see Chapter 1, "Introduction") for which there is still 
incomplete statistical justification. 


The problem of specifying a definite time or waiting period that will ensure a true ‘end-of-storm’ (or end of 
high vector electrostatic fields aloft) is particularly difficult under the weather conditions that follow large, 
multi-cell storms, squall lines, or mesoscale convective systems (MCSs). After such storms, there are often 
horizontally extensive cloud layers that can initiate and/or propagate widely separated lightning flashes into a 
region at very low rates. These clouds can persist for several hours at a particular location, and often produce 
natural lightning, either CG flashes or cloud discharges, that have very long time-intervals between the 
discharges (see Sections A3.6 and A3.7 of Appendix 3, "Cloud Electrification"). The low flashing rates and 
large areal extents of the parent clouds create difficult problems for launch safety because it is clear that such 
clouds can retain (or be the source of) embedded cells of convection (see Section A4.0 of Appendix 4, 
"Electrical Aspects of Stratiform Clouds") and/or store significant electric charge that produces high vector 
electrostatic fields for long times (see Section A6.2 of Appendix 6, "Electrical Properties and Decay of Electric 
Fields in Cloudy Air"). In order to protect against these possibilities, there are other rules that apply in such 
circumstances. For example, the waiting times in the "Debris Clouds" Rule, G417.15, have been set at 3 hours. 
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Appendix 3. Cloud Electrification 


A3.0 Introduction 

On May 10, 1752, a retired French dragoon, acting on instructions from Thomas-Francois Dalibard, drew 
sparks from a 40-foot iron rod that had been carefully insulated from the ground when a thundercloud passed 
overhead. This experiment had been suggested by Benjamin Franklin and had been set up at the village of 
Marly-la-Ville, near Paris, to determine whether clouds that produce lightning are electrified or not (Cohen, 
1990, Chapter 6; Krider, 2006). These sparks proved for the first time that thunderclouds contain electricity 
and that lightning is an electrical discharge. A few weeks later (but before he knew about the results at Marly- 
la-Ville), Franklin performed his famous kite and key experiment (electrically equivalent to the experiment at 
Marly-la-Ville), and in September he installed a tall rod on the roof of his house to study the characteristics of 
storm electricity. This rod had a small gap that he could observe, and chimes were mounted on each side of the 
gap (see Figure A3-1). The upper portion was carefully insulated from the house, and the lower portion ran 
down a stairwell and was connected to a well. A small ball was suspended on silk thread between the chimes, 
so that it would ring the bells whenever the upper rod became electrified. The purpose of all this was to study 
the characteristics of storm electricity and to determine whether the electricity in thunderstorms was the same 
as the electricity that was generated by friction. 


Franklin described the results of his observations as follows: 


“T found the bells rang sometimes when there was no lightning or thunder, but only a dark cloud over 
the rod; that sometimes after a flash of lightning they would suddenly stop; and at other times, when 
they had not rung before, they would, after a flash, suddenly begin to ring; that the electricity was 
sometimes very faint, so that when a small spark was obtained, another could not be got for sometime 
after; at other times the sparks would follow extremely quick, and once I had a continual stream from 
bell to bell, the size of a crow-quill. Even during the same gust there were considerable variations.” 
(Labaree et al., Vol. 5, 1962, p. 62) 


Franklin also used this apparatus to measure the polarity of thunderclouds, and he summarized those 
observations as follows: 


“,.that the clouds of a thunder gust are most commonly in a negative state of electricity, but 
sometimes in a positive state.” (Labaree et al., Vol. 5, 1962, p. 71) 


These short descriptions of storm electricity remained the state of the art for the next 150 years (Schonland, 
1950, p. 22; Schonland, 1952), and this and Franklin’s other observations underscore several factors that are 
important for the Lightning Launch Commit Criteria: (1) clouds can be highly electrified and not produce 
natural lightning; (2) lightning often appears with little advance warning; (3) lightning can both create and 
destroy cloud electricity abruptly; and (4) the amount and polarity of the cloud electricity are highly variable 
both within a storm and from storm to storm. 
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Figure A3-1. The apparatus that Benjamin Franklin used to study cloud electricity 


Note: (Courtesy, E. Philip Krider, private collection) 
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A3.1 Electrical Structure of Thunderstorms 

Since the work of Franklin, there have been numerous in situ and remote measurements of the electrical 
structure of thunderclouds. Most in situ measurements have been of the cloud electric field, E, and E-field 
sensors have been carried into clouds on balloons, aircraft, and rockets. The remote measurements have 
typically been of lightning and/or the changes in the electric field that are caused by lightning. A recent review 
of the electrical structure of thunderstorms has been assembled by MacGorman and Rust (1998), and this book 
summarizes numerous references to the salient scientific literature. 


A3.1.1 In situ measurements using balloons 

Figures A3-2 and A3-3 show the results of balloon soundings of the vertical electric field inside a small 
thunderstorm in New Mexico (Byrne et al., 1983) and a larger storm in Oklahoma (Stolzenburg et al., 2002), 
respectively. In each of these figures, the average volume charge density can be estimated from the rate that 
the field increases (positive) or decreases (negative) with height, assuming that the cloud charges are 
horizontally stratified and constant with time. These soundings are consistent with the classic tripole model of 
the thundercloud charge distribution, i.e., negative charge is concentrated at altitudes that are above (i.e., 
colder than) the freezing level (O °C), a larger volume of positive charge is at higher altitudes, and a small 
region of positive charge is at lower altitudes (Williams, 1989). 
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Figure A3-2. Balloon sounding of the electrical structure of a thunderstorm 


Note: These measurements of corona current and the inferred vertical electric field, E, vs. altitude and 
air temperature were taken inside a small thunderstorm in New Mexico. Charge regions are labeled 
positive (pos) or negative (neg) on the right. The total time to acquire the record above cloud base was 
about 11 minutes. (Adapted from Byrne et al., 1983.) 


112 


The sketch in Figure A3-3 shows a more complicated charge structure that depends on the cloud dynamics, but 
there is still negative charge at altitudes where the cloud temperature is between -5 °C and -20 °C, and there 
are layers of positive charge both above and below that region. Stolzenburg and Marshall (2008) have recently 
given a comprehensive review of balloon measurements of the electric fields and the inferred charge 
distributions inside various types of thunderstorms, including cumulonimbus clouds, anvil clouds, and debris 
clouds that include stratiform precipitation regions. 
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Figure A3-3. Electric fields and the inferred charge structure inside a large thunderstorm 


Note: (From Stolzenburg et al., 2002) 
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A3.1.2 In situ measurements using aircraft 

To illustrate the type of aircraft measurements that many investigators have made inside storms, Figure A3-4 
shows the time history of a pass through a small thunderstorm in New Mexico in which the aircraft measured 
the horizontal electrical field, i-e., the field parallel to the axis of the airplane, together with the cloud 
microphysics (Dye et al., 1988, 1992a). Figure A3-5 shows the aircraft trajectory superimposed on the cloud 
radar reflectively (Dye et al., 1992a). The electric field in Figure A3-4 is consistent with the cloud having a 
concentrated volume of negative charge (the open circle in Figure A3-5) centered near a region of moderate 
radar reflectively (> 25 dBZ), where the air temperature is about -12 °C. Figure A3-4 shows that the liquid 
water content (LWC) of the cloud was about 1 gram per cubic meter in this region, and there was also a high 
concentration of ice crystals (and supercooled water drops) and a high ice-particle collision frequency per unit 
volume at this time. Sections 3.4, 5.4, and 6.4 of Merceret and Willett et al. (2010) have reviewed this and the 
other aircraft measurements that have contributed much to the knowledge that is now the basis of the current 
LLCC. 
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Figure A3-4. Aircraft pass through a thunderstorm showing electric field and cloud-physics variables 


Note: Measurements of (a) the horizontal electric field inside a New Mexico thunderstorm, E,; (b) the 
cloud liquid water content, LWC; (c) the average ice particle concentrations at various particle sizes; 
and (d) the total ice-particle collision rate per unit volume during a single horizontal pass. The dashed 
vertical line and the shaded area show approximate locations of two regions of net negative charge 
(from Dye et al., 1992). 
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Figure A3-5. Cloud radar reflectivity and aircraft track for the pass shown in Figure A3-4 


Note: An inferred region of negative charge is shown (circle) together with voice comments from the 
pilot (from Dye et al., 1992). 


A3.1.3 Initial Electrification of Cumulus Clouds 

In a multiple aircraft study coordinated with Doppler radar measurements, Dye et al. (1986) showed that the 
initial electrification (when the observed field exceeded 1 kV m’') of a small Montana cumulus congestus 
cloud occurred after 5 mm graupel, ice particle concentrations of 10 L* ' and reflectivity of 35 dBZ at 6 km had 
already developed inside the cloud. The cloud then rapidly electrified and produced a single intracloud 
discharge within 8 min of the initial electrification. Calculations by Latham and Dye (1989) using the observed 
ice particle spectra and laboratory measurements of charge transfer by ice-ice collisions, suggested that such 
collisions could produce sufficient charge separation to account for the observed rapid development of the 
cloud electric field in the absence of an external electric field (i.e., the charging mechanism was not based on 
electrostatic induction). This mechanism will be discussed further in section A3-8 to follow. 


In New Mexico, a study of the initial electrification of 23 cumulus congestus clouds (Dye et al., 1989; Breed 
and Dye, 1989) found that the electric field inside these clouds did not exceed 1 kV m'! until the radar 
reflectivity at 6 km (-10 °C) exceeded 40 dBZ and the cloud tops exceeded 8 km. Observations have also 
shown that the onset of electrification in a growing cumulus cloud can occur very rapidly. For example, in one 
isolated cumulus cloud in New Mexico, Breed and Dye (1989) found that lightning was produced within 4 min 
of the initial electrification of the cloud. 


Dye et al. (1986) and Hallett and co-workers (Gardiner et al., 1986; Willis et al., 1994; Black and Hallett, 
1998) have suggested that the updraft/downdraft transition zone between -10 °C to -20 °C is particularly 
important for cloud electrification (see Figure A3-6). The -10 °C to -20 °C level in an updraft is warm enough 
to supply an abundance of supercooled liquid water, and the downdraft is sufficiently cold to provide 
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numerous ice particles and graupel that formed at colder temperatures. The shear between the updraft and 
downdraft produces mixing and turbulence that broadens the zone of the microphysical content that is 
necessary for a non-inductive cloud charging mechanism to be effective (see section A3-8 to follow). The 
region of charge that is shown in Figures A3-4 and A3-5 was observed at a temperature of -12 °C in an 
updraft/downdraft transition region in which graupel, numerous ice particles and supercooled water all 
coexisted (Dye et al., 1988). Similarly, Willis et al. (1994) and French et al. (1996), in studies of growing 
cumulus congestus clouds near KSC, have shown that the maximum electric field occurred in such a transition 
zone | km to 2 km wide that contained copious ice crystals, graupel, and supercooled water. 


Figure A3-6. Aspects of cloud dynamical structure that are important for electrification 
Note: From Hallett and Black (1989) 


Near KSC, a number of different studies of growing cumulus clouds show that the initial stages of 
electrification begin when the cloud top temperature approaches -10 °C, but temperatures of -20 °C appear to 
be needed before natural lightning is produced (see Merceret and Willett et al., 2010, Sections 3.4, 5.4, and 
6.4). For example, Jones et al. (1990) reported that no significant electrification was encountered for cumulus 
clouds near KSC that were located where air temperatures were everywhere warmer than 0 °C, and three 
marginally electrified clouds had 5 dBZ tops near the -20 °C level. Jones et al. also reported that rapid growth 
above the -20 °C level appeared necessary for cumulus clouds to become significantly electrified. Similarly, 
for the 87 cumulus clouds that were sampled during the ABFM I campaign, the observed electric field 
depended strongly on the cloud top height (temperature) as defined by the (uncalibrated) 10 dBZ reflectivity 
(Merceret et al., 2008). The fields inside clouds that had 10 dBZ tops below the 0 °C level did not exceed 

3 kV m!; fields > 3-5 kV m'! did not develop in cumulus clouds until the echo tops had grown above the 

~ -10 °C level (~ 6.4 km msl); and cumulus clouds did not produce lightning until the tops were above the 
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~ -20 °C level. The ABFM I campaign also found that fields at the edge of clouds with tops higher than 
the -20 °C level could be > 50 kV m! (Merceret et al., 2008). 


The multi-agency, multi-investigator Convection and Precipitation/Electrification (CaPE) project conducted in 
1991 made comprehensive, detailed measurements of the electric field, Doppler air motions and microphysical 
content of growing convective clouds near KSC. This project provided a major opportunity to link the 
electrical development with the microphysical development. Growing cumuli and thunderstorms studied 
during CaPE all showed that raindrops were growing in the updrafts via coalescence at temperatures warmer 
than the freezing level. These raindrops continued to grow and were carried in the updrafts to temperatures 

of -5 °C to -10 °C, where they began to freeze. Ice then spread rapidly in the cloud and the clouds rapidly 
became electrified (Willis et al., 1994 French et al., 1996; Jameson et al., 1996; Ramachandran et al., 1996; 
Bringi et al., 1997). 


An example of the electrical development of a growing cumulus cloud near KSC that was penetrated 
repeatedly (through the center of the cloud) by the NCAR King Air aircraft is shown in Figure A3-7. This case 
illustrates the pulsating nature of cloud top development and the rapid vertical growth that sometimes can 
occur. It also shows that the cloud did not become significantly electrified until there was rapid growth and the 
cloud top had exceeded the -20 °C temperature level. It should be noted that once the -20 °C level was 
exceeded, the electric field increased very rapidly. Figure A3-7 shows that the maximum field increased from 
~3 kV m' to >15 kV m’ in the 3 min interval between the last two passes. 
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Figure A3-7. Example of multiple aircraft passes through a growing cumulus 


Top panel: Maximum reflectivity plotted as a function of altitude and time. The short solid dashes show 
the times of cloud penetrations by the NCAR King Air. Bottom panel: Plots of the vertical component 
of the electric field (EFZ), liquid water content (LWC), temperature at the aircraft, and vertical velocity 
(W) plotted as a function of time. Each pass of the King Air was 1-2 min in duration. On this expanded 
time scale the individual passes appear as spikes (from Dye et al., 1992). 
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The above studies all show that the development of strong electric fields in Florida cumuli occurs after there is 
glaciation of the cloud and the development of graupel and ice crystals. Despite the active warm rain process 
in Florida, Bringi et al. (1997) found that, when fields inside the cloud reached 1 kV m", the reflectivity at 

6 km (-8 °C) was 40 dBZ and cloud top was at 8 km. These conditions were very similar to what Dye et al. 
(1989) reported for 23 clouds in New Mexico. 


A3.2 Electric Field Measurements Outside the Cloud 

Ground-based measurements of the electric fields produced by thunderclouds can provide much valuable 
information about the mechanisms of cloud electrification, particularly when they are correlated with radar 
measurements of the precipitation and data from lightning mapping systems. A typical record of the electric 
field below a mountain thunderstorm in New Mexico is shown in Figure A3-8. 
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Figure A3-8. Typical evolution of surface electric field, rainfall rate, and precipitation current 


Note: In this figure, the “physics” convention for the polarity has been used, where a positive field 
means the direction of the electric force on a positive test charge is upward, and a negative current 
indicates the descent of net-positive charge on precipitation. This figure is from MacGorman and Rust 
(1998). 


Based on weather radar measurements and about 75 hours of data like those shown in Figure A3-8, Reynolds 
and Brook (1956) found that, when convective clouds did not produce precipitation, they did not electrify. As 
a result these authors suggested the presence of a precipitation echo was a necessary, but not sufficient, 
condition for the cloud to become electrified. They also suggested that rapid vertical growth of the echo was a 
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requirement for electrification, and in the cases that they studied, the first lightning discharge occurred as 
quickly as 11 min after the onset of electrification. 


Several features should be noted in Figure A3-8: 
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The electric field, E, becomes more negative (indicating positive charge overhead) at the very 
beginning of the storm due to the early development of a lower positive charge center in the cloud [see 
Section Al.3.1 of Appendix 1, "Measurement and Interpretation of Surface Electric Field,” and 
Stolzenburg and Marshall (2008, Section 2.1) and their Figure 7 for further examples of this 
phenomenon]. This feature is normally seen when the measurements are made very close to isolated, 
slow moving storms, but the simultaneous development of multiple cells and/or rapid storm motion 
will often mask this feature. See Section A1.3.1 of Appendix 1, "Measurement and Interpretation of 
Surface Electric Fields," for more on the initial-electrification signature. 

Following the initial negative field excursion, the E-field reverses polarity, becomes positive, and then 
increases very rapidly. This is due to due to the development of the main negative charge region in the 
cloud. The reversal in the polarity of E from the normal (negative) fair weather polarity and the rapid 
development of a large, positive field is usually an indication that a convective cloud is becoming 
electrified (Breed and Dye, 1989). This signature clearly illustrates the importance and usefulness of 
ground-based electric field measurements for evaluating the LLCC. 

The large, abrupt transitions in the surface E-field (AE) are caused by lightning discharges, and 
analyses of the values of AE measured at different recording sites can often be used to determine the 
locations and magnitudes of the changes in the cloud charge distribution aloft (see the discussion of 
Figure A3-9 to follow). 

The electric field measured on the ground both before and after lightning discharges appears to 
saturate or reach an upper limit that is less 10 kV m'. This phenomenon and the overshoot in the 
polarity of E in response to lightning are both evidence of a local screening layer of space charge near 
the ground. This space charge is the result of corona or point discharges from grass, trees, and other 
objects near the measuring site when the background field is large and is discussed in Section A1.3.3.1 
of Appendix 1, "Measurement and Interpretation of Surface Electric Fields" (see also Livingston and 
Krider, 1978; Standler and Winn, 1979; Krehbiel, 1986; and MacGorman and Rust, 1998, Section 
4.4.4). 

Just after 1300 MST in Figure A3-8, there is a slow excursion in the E-field to a negative polarity at 
the same time that a burst of precipitation appears to lower negative charge to the ground. This feature 
lasts several minutes and is termed a ‘field excursion associated with precipitation’ or FEAWP 
(Vonnegut and Moore, 1977). Other examples of FEAWP phenomena can be found in Williams et al. 
(1989a,b), who linked this effect not only to precipitation, but also to intense downdrafts and 
microbursts. 

Toward the end of the storm there is a large, slow undulation in the surface electric field that is termed 
an “end-of-storm-oscillation” or EOSO. A few positive flashes may occur during the first phase of an 
EOSO, although no positive flashes occurred in the storm shown in Figure A3-8. The variations in the 
surface electric field during an EOSO were likely first reported by Benjamin Franklin (see Section 
A3.0 above), but the causes are still not completely understood. Presumably, the causes include the 
falling of negatively and positively charged hydrometeors toward ground superimposed on the slow 
relaxation of electric fields in cloudy air while the storm decays (see Moore and Vonnegut, 1977; 
Livingston and Krider, 1978; Williams et al., 1989; Marshall and Lin, 1992; MacGorman and Rust, 
1998, Section 7.1.2; Marshall et al. (2009); and Appendix 6 on “Electrical Properties of Cloudy Air’’). 


Marshall and Lin (1992) proposed that negative precipitation falling toward the ground drives the field 
positive early in the dissipating stage of a storm, and then after the precipitation has reached ground, the 
negative field is due to a residual positive screening layer on the lower cloud boundary. Finally, the field 
decays to fair weather (negative) values as the screening layer is re-screened and the cloud dissipates. More 
recently, Marshall et al. (2009) have suggested that the large polarity changes at the surface during an EOSO 
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are primarily due to (1) the successive fallout of three of the four principal charge regions in the storm’s 
mature stage modified by (2) the growth or decay of these charge regions as they descend, and (3) changes in 
the screening charges at the upper and lower cloud boundaries. 


Other examples of thunderstorm electric fields and their interpretations are given in Section A1.2.2 of 
Appendix 1, "Measurement and Interpretation of Surface Electric Field.” 


Unfortunately, measurements of storm electric fields, both at the surface (like those in Figure A3-8) and aloft 
(see Section A3.1.2 above), can be strongly affected by “screening layers,” or the space charge that 
accumulates on conductivity gradients in the atmosphere, especially near the ground and at the cloud 
boundaries (Holzer and Saxon, 1952; Kasemir, 1959; Brown et al., 1971; Hayes and Roble, 1979; and Standler 
and Winn, 1979). In order to avoid this problem, Workman and Holzer (1939, 1942), following a suggestion 
by C. T. R. Wilson (1920), used multiple-station measurements of lightning-caused changes in the electric 
field (AE) to infer the locations and magnitudes of the changes in the cloud charge that are caused by 
lightning. (Note: the lightning field changes are of short duration compared to the atmospheric relaxation times 
at the surface and in cloudy air, so the values of AE are not affected by the rearrangements of space charge 
during the discharge.) More recently, Krider, Krehbiel, and their co-workers (Jacobson and Krider, 1976; 
Krehbiel et al., 1979; Maier and Krider, 1986; Krehbiel, 1986; Koshak and Krider, 1989; Krider, 1989; 
Murphy et al., 1996) have made similar measurements with more sensors and more sophisticated analysis 
techniques. If one assumes that a lightning discharge to ground (or one of its component strokes) changes the 
cloud charge distribution in a way that, to first order, is spherically symmetric, then a CG flash might be 
modeled as a single point charge, Q. Similarly, a cloud discharge might be represented by a point-dipole, P, 
that shows the magnitude and direction of the change in the cloud dipole moment (corresponding to the 
effective displacement of positive charge). The unknown parameters of the assumed model can be inferred by 
fitting the AE measurements to the model. More detail about this technique and its results may be found in 
Section A1.3.2 of Appendix 1, "Measurement and Interpretation of Surface Electric Fields." 


Figure A3-9 shows the results of fitting two simple charge models to the field changes produced by lightning 
during a small (left) and a large (right) thunderstorm at the NASA Kennedy Space Center (Krider, 1989). The 
open circles show the locations of point charge solutions (Q-model) that describe the field changes produced 
when cloud-to-ground (CG) flashes effectively remove negative charge from the cloud (or equivalently deposit 
positive charge). The arrows (or P-vectors) show the locations and magnitudes of point-dipole fits to the field 
changes produced by cloud discharges. (For further information about this analysis technique, see Section 
A1.3.2 of Appendix 1, "Measurement and Interpretation of Surface Electric Fields.") It should be noted in 
Figure A3-9 that all P-vectors at high altitude point downward and those at low altitude point upward. When a 
P-vector is located at an altitude that corresponds to the negative charge region (the Q solutions), it tends to be 
horizontal. This symmetry is consistent with the classic tripole model of the cloud charge distribution [see 
Williams (1989) and Section A3.1.1], i.e., there is a large volume of negative charge located at subfreezing 
temperatures in the central part of the cloud, a larger volume of positive charge at higher altitudes, and a small 
concentration of positive charge below the negative. The P-vectors at high altitude are caused by cloud 
discharges between the central negative charge and the upper positive region, and the P-vectors at low 
altitudes are caused by discharges between the central negative charge region and the lower positive region. 
Again, it should be noted that the inferred Q region (negative charge) is centered where the ambient air 
temperature is between -10 °C and -20 °C, and note that the spatial separation between the central negative and 
upper positive regions depends on the size and intensity of the storm. 
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July 11, 1978 ~ July 6, 1978 
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Figure A3-9. Lightning-caused changes in thundercloud charge distributions 


Note: In these three views, the changes caused by the cloud-to-ground flashes (open circles) and 
intracloud discharges (arrows) in a small storm (left) show a compact cluster of flashes, and the changes 
during a portion of an active storm (right) show a larger separation between the inferred negative and 


the upper positive charge regions (adapted from Krider, 1989). 
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Studies of lightning-caused field changes in New Mexico and Japan have found results similar to those shown 
in Figure A3-9 and are summarized in Figure A3-10. Note again how the inferred negative charge region is 
close to the -10 °C to -20 °C temperature level regardless of where the storm (and the 0 °C level) is located. 
[The -10 °C to -20 °C level corresponds to a mixed phase region where convective clouds contain both 
supercooled water droplets and ice crystals (Mason, 1971)]. 
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Figure A3-10. Inferred altitudes of cloud charges in different geographic locations 


Note: The information in these sketches is derived from analyses of lightning field changes. Note that 
the temperature levels at which the negative charge accumulates are similar in a wide variety of storm 
types (from Krehbiel, 1986). 


It should be noted that in dry, continental storms, such as those in the high plains of Montana, New Mexico, 
and Colorado, where the cloud bases are higher and colder than in Florida, large water drops do not form 
below the freezing level. (Bases are typically at 5 °C to 10 °C in the high plains compared to 15 °C to 20 °C in 
Florida.) Instead, the first precipitation is produced by an ice process, i.e. ice crystals are nucleated above the 
freezing level and grow by diffusion and accretion. After the crystals grow large enough to fall faster than the 
liquid droplets, the collision frequencies increase, and they eventually produce snow pellets (graupel) and 
small hail. This ice process dominates in precipitation formation in the high plains (e.g., Dye et al., 1974) and 
takes much longer to produce rain than the warm rain process (collisions followed by coalescence) which 
dominates in Florida clouds. 


A3.3 VHF Lightning Mapping Systems 

In recent years, VHF lightning mapping systems that are termed Lightning Detection and Ranging (LDAR) 
systems or Lightning Mapping Arrays (LMAs) have been developed to detect and locate the sources of VHF 
radio impulses that are produced by lightning and trace how these sources evolve in both space and time 
(Proctor, 1971; Rison et al., 1999; Krehbiel et al., 2000; Boccippio et al., 2001a and 2001b; Thomas et al., 
2001; Thomas et al., 2004). The VHF emissions are measured at multiple stations with precise time- 
synchronization, and the source locations are computed using time-of arrival techniques. LMA systems can 
trace the geometrical development of lightning channels with a time-resolution of 100 ps or less and have a 
spatial accuracy of a few tens of meters (Thomas et al., 2004). Currently, LMA systems are operating in New 
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Mexico, Oklahoma, West Texas, Houston, Colorado, North Alabama, Florida and Washington D.C. In the 
future we expect that these systems will be available at additional locations and will be extremely valuable for 
insuring launch and flight safety in those regions. An important feature of LMA technology is that the 
amplitude and spatial pattern of the VHF sources can be used to infer the location and polarity of the charge 
regions in which those VHF sources originate (Thomas et al., 2001). The VHF radiation produced by negative 
polarity air breakdown is about 10 times larger than the radiation produced by positive breakdown; therefore, 
the LMA systems detect more pulses above the detection threshold when positive regions of cloud charge are 
“tapped” by negative breakdown than when the negative regions are being tapped by positive breakdown. 
Examples of the VHF radiation sources and the inferred polarity of the cloud charge that was present prior to 
two intracloud lightning discharges, one of normal polarity and the other of inverted polarity are shown in 
Figure A3-11. 
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Figure A3-11. Polarity of pre-existing cloud charges inferred from LMA data 


Note: The characteristics of the VHF sources that were located during two lightning discharges in 
Oklahoma were used to deduce these charge structures. Plot (a) shows the normal warm-season 
polarity, and plot (b) shows an inverted-polarity flash. The red dots indicate the inferred positive charge 
region, and the blue dots indicate the negative region. The green dots connecting the two charge regions 
do not indicate an inferred charge structure (from Rust et al. (2005), Figure 4). 
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A3.4 Severe Thunderstorms and Supercells 

The electrical structure of large, severe thunderstorms and supercell storms presents a difficult challenge for 
experimenters even though such storms are of considerable interest to forecasters and to the public at large 
(Lang et al., 2004). One aspect of severe storms that is still not understood is their tendency to occasionally 
produce large numbers of positive cloud-to-ground (CG) flashes compared to the normal, warm-season 
thunderstorms we have been discussing up to now. In a typical summer thunderstorm, 90% or more of the CG 
flashes transfer negative charge from the central region of the cloud to ground, but sometimes large storms (or 
a portion of those storms) produce predominantly positive CG (PPCG) flashes, sometimes approaching 100% 
(Krehbiel et al., 2000; Rust and MacGorman, 2002; Rust et al., 2005). Recent efforts to better understand the 
microphysical and dynamical processes that produce PPCG storms have been described by Lang et al. (2004) 
and MacGorman et al. (2008). 


A3.5 Thunderstorm Anvils and Debris Clouds 

Marshall et al. (1989), Byrne et al. (1989), Dye and Willett (2007), and Stolzenburg et al. (2010) have made 
measurements of the electric fields inside thunderstorm anvils, and they often find values in excess of 

50 kV m' for long periods of time. For example, in a New Mexico anvil, Stolzenburg et al. (2010) found that 
strong fields persisted for more than one hour. Because anvils often cover large areas for long times, this type 
of cloud can significantly affect launch and flight operations. A comprehensive dataset on the electrical and 
microphysical structure of thunderstorm anvil and debris clouds was assembled during Airborne Field Mill 
program (ABFM II) campaigns in 2000 and 2001 near the NASA Kennedy Space Center, Florida. The ABFM 
Il campaigns and results are summarized by Dye et al. (2003a; 2006) and in Merceret and Willett (2010, 
Section 6.4). The main purpose of the ABFM II campaign was to measure the radar reflectivity of both 
attached and detached anvil clouds, in conjunction with in situ measurements of the electric field and the 
microphysical composition of the clouds, all as a function of time. The results show that anvils with a high 
radar reflectivity usually contain high electric fields, and conversely, anvils that have a low radar reflectivity 
(and no internal cells of convection) are electrically benign. The improvements in the LLCC that are based on 
the results of the ABFM II campaign and the VAHIRR radar parameter are discussed in Merceret and Willett 
et al. (2010, Chapter 6) and in Appendix 7, "Physical and Statistical Basis for VAHIRR." 


A3.6 Debris Clouds and Stratiform Precipitation 

Figure A3-12 shows a sketch of the size of a typical mesoscale convective system (MCS) compared to a 
normal thunderstorm in the Midwestern U.S. Here, it is clear that the threat posed by the trailing stratiform 
region of a MCS to launch and flight operations will extend over much larger distances (and longer times) than 
a typical thundercloud. 


Balloon soundings of the electric fields in the convective region of MCSs are generally similar to the 
soundings in normal, warm-season thunderstorms but with more structure (see Stolzenburg et al., 1998a,b,c 
and 2002). Soundings in the trailing stratiform region by Schuur et al. (1991), Stolzenburg et al. (1994), 
Shepherd et al. (1996), Marshall et al. (2001), Stolzenburg et al. (2001), and others are summarized in Figure 
A3-13. 


The electric fields inside the trailing stratiform region of a MCS are often large, and such clouds can produce 
lightning flashes that propagate horizontally tens to hundreds of kilometers (Mazur et al., 1998; Marshall, 
2000), sometimes producing multiple ground contacts along the way (Lang et al., 2010). The electric fields 
produced by these large, horizontal discharges are often the cause of very large field changes and transient 
luminous events in the middle atmosphere. 


The electrical structure of thunderstorm debris clouds that may or may not be producing lightning has been 
studied by Marshall and Lin (1992), Marshall et al. (2009) and by the ABFM II campaign discussed in 
Merceret and Willett (2010, Chapter 6). Marshall and Lin (1992) found that the electric fields remained high, 
35 kV m' and 71 kV m', inside debris clouds for at least 20 minutes after the last lightning flash. Further 
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details on the electrical structure of stratified thunderstorm debris clouds are given in Appendix 4, "Electrical 
Aspects of Stratiform Clouds." 


Mesoscale Convective System 
trailing stratiform region faa sai a 


Figure A3-12. A mesoscale convective system relative to a typical thunderstorm 


Note: Sketch from Davydenko et al. (2004) 
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Figure A3-13. Sketch of the charge structure in an idealized mesoscale convective system (from 
Stolzenburg et al., 2001) 
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A3.7 Clouds Associated with Disturbed Weather 

Simpson (1949) has given what is still today one of the best descriptions of the surface electric field (or 
potential gradient) and the associated time-variations that are caused by disturbed weather. Clouds that 
produce steady rainfall are characterized by elevated fields that undulate between positive and negative 
polarities in a wavelike fashion for 90 minutes or more. Shower clouds often exhibit high fields, like 
thunderstorms, but without the abrupt transitions that are caused by lightning. 


Balloon soundings of the electric field inside several winter nimbostratus clouds in the U.S. show vertical 
fields of 1 kV m'! to 12 kV m' and horizontal fields ranging between 0.2 kV m' and 28 kV m' (Rust and 
Trapp, 2002). 


The electric fields inside a selection of other cloud types have been measured by Imyanitov and colleagues in 
Russia and have been reviewed in Merceret and Willett et al. (2010, Section 3.4.2) and in Section A4.1 of 
Appendix 4, “Electrical Aspects of Stratiform Clouds.” 


A3.8 Mechanisms of Cloud Electrification 

In order for a cloud to become electrified over spatial scales on the order of kilometers, there must be two 
types of processes — first, there must be a small-scale process that electrifies the individual cloud particles 
and/or elements of precipitation, and second, there must be another, larger-scale process that separates these 
charges, preferentially according to their polarity, by distances of the order of kilometers. Since the water 
droplets and/or ice crystals that are present at the cloud boundaries will become electrified when atmospheric 
ions attach to their surfaces, some investigators believe that the organized motion of the cloud screening layers 
by the cloud dynamics will produce a large-scale separation of the charge (Vonnegut, 1991; Moore et al., 
1992). Today, however, most investigators believe that the large-scale process is dominated by the 
gravitational separation of particles falling at different terminal speeds. For example, if collisions between 
small and large hydrometeors separate charge, and if this separation causes the larger particles to have a charge 
of predominantly one polarity, then because the larger particles will fall faster with respect to cloud air than 
the oppositely charged, small particles, gravitation will ultimately cause a large-scale separation of the 
polarities. The gravity-driven process of differential separation is sometimes termed the ‘precipitation 
mechanism.’ 


Many mechanisms have been proposed for the small-scale process that, when acting in conjunction with 
precipitation, will electrify a thundercloud. Some mechanisms depend on, or are enhanced by, the presence of 
an external electric field via electrostatic induction (Mason, 1988), and others, the so-called “non-inductive 
processes,” do not depend on an external field. In 1957, Reynolds and his coworkers showed that when a 
simulated hailstone was rotated in an artificial cloud containing both ice crystals and supercooled water drops, 
the hailstone acquired a negative charge that was sufficient to explain the electrification of thunderclouds. 
Subsequent experiments by other investigators under a wide variety of conditions (Takahashi, 1978; Latham, 
1981; Jayaratne et al., 1983; Williams et al., 1991; Saunders et al., 1991; Takahashi and Miyawaki, 2002; 
Evila et al., 2005; and Saunders, 2008) have found similar results. 


Based on the laboratory results and the field studies discussed above in Florida, New Mexico, Montana, and 
Oklahoma, most investigators today believe that the dominant small-scale mechanism is a non-inductive 
process involving collisions between soft hail or graupel particles and ice crystals in the presence of 
supercooled water drops [see, for example, Latham (1981), Williams (1988), Saunders (1988), Latham and 
Dye (1989), Black and Hallett (1998), MacGorman and Rust (1998), and Saunders (2008)]. 


A3.8.1 Non-Inductive Ice-Ice Collisions 

Laboratory experiments show that the charge acquired by a simulated hail or graupel particle undergoing 
collisions with ice crystals (in the presence of supercooled water drops) is a function of the size of the crystal, 
the velocity of the collision, the temperature of the hail, and the liquid water content (LWC) of the cloud 
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(Takahashi, 1978; Saunders et al., 1991; Takahashi and Miyawaki, 2002; Saunders, 2008). When the hail 
temperature is below a so-called “reversal temperature,” typically around -10 °C at moderate values of LWC, 
the charge acquired by the hail is negative. When the temperature of the hail is warmer than the reversal 
temperature, the hail charges positively, as illustrated in Figure A3-14. 


Figure A3-14. Sketch of the non-inductive ice-ice electrification mechanism 


Note: The separation of electric charge is caused by collisions between ice crystals and soft hail or 
graupel particles (from Williams, 1988). Note that there is a polarity reversal that is controlled by a 
liquid-water-content-dependent ‘reversal temperature,’ Tp, as illustrated in Figures A3-15 and A3-16. 


The reversal temperature in turn is a function of the cloud LWC (see Figures A3-15 and A3-16), but computer 
models show that a non-inductive charging mechanism involving ice-ice collisions can indeed produce charge 
distributions that are consistent with both the in situ and remote measurements of thunderstorms in Florida, 
New Mexico, Montana, and Oklahoma that were discussed in Sections A3.1.1 to A3.1.5 (Helsdon and Farley, 
1987; Latham and Dye, 1989; Baker et al., 1995, 1999; Ziegler et al., 1991; Ziegler and MacGorman, 1994; 
Helsdon et al., 2001, 2002; Mansell et al., 2010). 
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Figure A3-15. Temperature dependence of collision-induced charging on riming hail 
Note: These data apply at a cloud liquid water content of 1 g m™. The charge acquired by a riming hail 


particle during collisions with ice crystals is a function of the temperature of the hail and the cloud 
liquid water content (from Jayaratne et al., 1983). (See also Figure A3-16.) 
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Figure A3-16. Charge-reversal temperature as a function of cloud liquid water content 


Note: from Takahashi and Miyawaki (2002) 
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A3.8.2 Detailed Physics of the Charge Transfer During Ice-Ice Collisions 

Several investigators have suggested that the magnitude and polarity of the charge that is transferred during an 
ice-graupel collision is controlled by the rates at which the ice surfaces are growing by deposition 
(condensation) or sublimation (evaporation) (Baker et al., 1987; Baker and Dash, 1989; Mason and Dash, 
2000; Dash et al., 2001; Saunders, 2008), and the surface that is growing fastest at the time of the collision 
acquires a positive charge. When both surfaces are evaporating, the surface that is evaporating the slowest 
becomes positively charged. Unfortunately, there is still no consensus about the reason(s) for this behavior, but 
mechanisms that have been proposed include differences in the ice surface potentials, thermoelectric effects 
acting on the riming ice surfaces, and the effects of irregular ice surfaces (Avila et al., 2005; Saunders et al., 
2006). Baker and Dash (1989) have suggested that there may be liquid-like layers (LLL) on ice surfaces that 
have an excess concentration of negative ions on the outer portion of the LLL. If this is the case, then when 
two such LLLs collide, the thicker layer may transfer some of its mass, together with its negative charge, to the 
thinner LLL, and leave positive charge behind. Since the surfaces that are growing fastest will also have 
thicker LLLs, the Baker-Dash mechanism does appear to describe practically all the laboratory results to date, 
at least qualitatively (Mason and Dash, 2000; Dash et al., 2001; Saunders et al., 2006; Saunders, 2008). 


A3.8.3 Other Electrification Mechanisms 

In their study of the electrical structure of precipitating stratiform clouds that were associated with mesoscale 
convective systems, Shepherd et al. (1996) found high electric fields and volume charge densities near the 
melting (0 °C) level that is often associated with the radar bright band. Reiter (1965) had previously 
investigated the melting region in both stratiform precipitation and showers by measuring the potential 
gradient at different altitudes on the Zugspitze in Germany; he found anomalies in both types of clouds - 
positive potential gradients where the precipitation was solid and negative potential gradients after it melted. 
More recently, Stolzenburg et al. (2007) reported large charge densities and fields of both polarities near the 
melting level in different storms, and they point out that such high values are difficult to explain with an ice- 
graupel charging process. Therefore, Stolzenburg et al. (2007) favor an inductive charging mechanism (i.e., 
where the charge transfer by collisions depends upon the amplitude and polarity of the local electric field) 
associated with melting that was initially proposed by Simpson (1909). This mechanism is based on smaller 
particles (liquid or solid) being shed from the upper portions of melting ice particles that would carry away 
charge with a polarity that is the same as that of the local electric field. However, another melting mechanism 
examined by Drake (1968) has also been considered, and if the Drake mechanism is acting, the smaller 
particles would come away with predominately negative charge and the charging would be independent of the 
local electric field. Although there are many measurements of the vertical profile of the electric field, and there 
are independent measurements of the ice and water content near the melting zone, there are very few 
simultaneous measurements of both the ambient field and the cloud microphysics. Even though additional 
observations and research are needed, there is no question that a significant electrical hazard exists near the 
melting zone when precipitation is present. See also Section A4.0 of Appendix 4, "Electrical Aspects of 
Stratiform Clouds." 


In addition to the charge separation that occurs near the 0 °C level, recent observations of high electric fields 
and lightning initiations far downwind of the convective cores in anvils (Dye and Willett, 2007; Kuhlman et 
al., 2009; Weiss et al., 2012) suggest that some charge separation could be taking place above the melting zone 
in thick anvils. Laboratory studies such as those of Jayaratne et al. (1983) have shown that weak charge 
separation does take place during ice-ice collisions even without supercooled water or pre-existing electric 
fields being present. Thus, a possible source of the enhanced electric fields far downwind in anvils may be the 
result of collisions of the many ice particles and snowflakes present in those regions. See also Section A4.0 of 
Appendix 4, "Electrical Aspects of Stratiform Clouds." 


Latham (1991) has shown that the convective clouds initiated by large, wild land fires can produce lightning, 


and Vonnegut et al. (1995) have suggested that the dominant mechanism for this electrification may not be ice- 
graupel collisions but one or more influence mechanisms that are based on electrostatic induction. 
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In addition to the mechanisms of cloud electrification described in this and the above sections, lightning has 
occasionally been reported to originate in clouds that are everywhere warmer than 0 °C (Moore et al., 1960; 
Alpert, 1961; Michnowski, 1963; Takahashi, 1975; MacGorman and Rust, 1998, Section 8.4.8). Whether such 
clouds were always warmer than 0 °C is not known, and today the occurrence of lightning in warm clouds is 
still controversial. One thing is clear, however; that is, the occurrence of natural lightning in warm clouds is 
quite rare [see Volland (1995, Section 3.1.1) and Uman (1987, Section 1.7.1) and the references cited therein 
for further discussions of this phenomenon]. 


A3.9 Conclusions 

The laboratory, field, and model studies of cloud electrification discussed above clearly show the importance 
of microscale interactions of ice-phase particles in a temperature (altitude) range from about -5 °C to -20 °C in 
all types of clouds. This temperature range usually contains ice crystals, soft hail or graupel particles, and 
supercooled water drops where the non-inductive, ice-graupel collision mechanism can operate. At this point, 
we still need to know more about the microphysical, electrical, and dynamical structure of electrified clouds 
before we can make further evaluations of the non-inductive, ice-graupel collision mechanism (coupled with 
precipitation), the detailed physics that underlies this process, and other possible mechanisms. Among the 
parameters that are still not known are the number of ice-ice collisions, the LWCs, and the temperatures in the 
different regions of a thundercloud; the sizes and types of ice particles and their collision velocities in these 
regions; and what charges are present on the ice particles, water drops, and precipitation particles (all as a 
function of size). More experiments are needed both in the laboratory and in nature to learn more about the 
detailed physics of cloud electrification and the processes that electrify non-lightning producing clouds. 
Hopefully, such efforts will lead to better explanations for the fascinating variety of atmospheric electrical 
phenomena that Benjamin Franklin and many others have been documenting for over 250 years. 
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Appendix 4. Electrical Aspects of Stratiform Clouds 


A4.0. Introduction and Mechanisms 

Stratiform or layer clouds cover a broad spectrum of cloud types and are primarily considered as thick cloud 
layers (G417.19) and disturbed weather (G417.17) in the LLCC. Several types of layer clouds are produced by 
a gradual uplift due to synoptic scale forcing, and others such as trailing stratiform clouds are the response to 
cloud-scale and mesoscale dynamics or to disturbed weather associated with fronts and mesoscale systems. 
Before discussing the electrical aspects of stratiform clouds, it will be helpful to list the different genera of 
layer clouds that are listed in the Glossary of Meteorology (2000): 


Stratus (St) — a gray layer with a rather uniform base 


Cirrostratus (Cs) — appearing as a whitish veil, usually fibrous but sometimes smooth, that may totally 
cover the sky and that often produces halo phenomena 


Altocumulus (Ac) — white and/or gray in color, that occurs as a layer or patch with a waved aspect, the 
elements of which appear as laminae, rounded masses, rolls, etc. 


Stratocumulus (Sc) — predominantly stratiform in the form of a gray and/or whitish layer or patch, 
which nearly always has dark parts and is nonfibrous (except for virga) 


Altostratus (As) — gray or bluish (never white) sheet or layer of striated, fibrous, or uniform 
appearance. Very often totally covers the sky and may cover an area of several thousand square miles. 
The layer has parts thin enough to reveal the position of the sun. Within the rather large vertical extent 
of altostratus (from several hundred to thousands of feet) a very heterogeneous particulate composition 
may exist. In this most complete case, there may be distinguished 1) an upper part, mostly or entirely 
ice crystals; 2) a middle part, a mixture of ice crystals and/or snowflakes and supercooled water 
droplets; and 3) a lower part, mostly or entirely supercooled or ordinary water droplets. 


Nimbostratus (Ns) — gray colored and often dark, rendered diffuse by more or less continuously falling 
rain, snow or sleet and not accompanied by lightning or hail. In most cases the precipitation reaches 
the ground. Nimbostratus is composed of suspended water droplets, sometimes supercooled, and of 
falling raindrops and/or snow crystals or snowflakes. It occupies a layer of large horizontal and 
vertical extent. The great density and thickness (usually many thousands of feet) of this cloud prevent 
observation of the sun; this, plus the absence of small droplets in its lower portion, gives nimbostratus 
the appearance of dim and uniform lighting from within. It also follows that nimbostratus has no well- 
defined base, but rather a deep zone of visibility attenuation. Frequently a false base may appear at the 
level where snow melts into rain. 


The first three types (stratus, cirrostratus, and altocumulus) are not likely to be significantly electrified because 
they consist of either water droplets alone or ice particles alone. They do not have the mixed-phase 
constituents of supercooled water drops, copious ice crystals, and rimed ice particles in close proximity that 
are thought necessary for the non-inductive charge separation mechanism to be effective (see Section A3.8.1 
of Appendix 3, "Cloud Electrification"). The last three types (altostratus, stratocumulus, and nimbostratus) are 
more likely to be electrified because they can contain the necessary constituents, particularly if they contain 
embedded cells of convection in the 0 °C to -20 °C zone or straddle the 0 °C isotherm. In addition to the 
discussion here, the reader is referred to MacGorman and Rust (1998, Section 2.3) for a further discussion of 
the physical and electrical properties of stratiform clouds. 


It will also be useful to consider the definition of 'stratiform precipitation area’ in the Glossary of Meteorology 
(2000): 
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Stratiform precipitation area — a region of precipitation from a nimbostratus cloud, which may or may 
not be an outgrowth of a cumulonimbus cloud, in which air motions are strong enough for water vapor 
to be condensed or deposited on particles but weak enough that the particles cannot grow effectively 
by collection of cloud water droplets. 


The dominant mechanism of electrification in convective clouds or in embedded cells of convection in layer 
clouds is the non-inductive ice-graupel collision process that is discussed in Section A3.8.1 of Appendix 3, 
"Cloud Electrification." This mechanism requires the presence of supercooled water droplets, copious numbers 
of ice crystals, rimed ice particles or graupel, and updrafts that can support supercooled water drops forming in 
mixed phase conditions. These conditions are most likely to occur in cumulus clouds and in embedded 
convective cells that span the -5 °C to -20 °C temperature zone. The non-inductive mechanism is the primary 
reason that the rule for "Thick Layer Clouds" specifically restricts launching through layer clouds between 

0 °C and -20 °C that are thicker than 4500 ft. 


If a precipitating stratiform cloud straddles the 0 °C zone, additional mechanisms of charge separation may be 
operating. There is now abundant evidence that high electric fields exist in the melting zone of stratiform 
clouds, particularly if there is a radar bright band. Marshall and Rust (1993) reported that the most intense 
electric fields and largest charge densities occur most often near 0 °C in precipitating stratiform regions. 
Shepherd et al. (1996) reported 12 cases in association with the bright band that exhibited a dense layer of 
positive charge at or near the 0 °C level and a weaker, thicker layer of negative charge below that. However, 
recent evidence has shown that the fields (charge) near 0 °C can be either positive or negative. For example, in 
the 41 balloon soundings that were summarized by Stolzenburg et al. (2007), 14 showed strong positive 
charge, 16 showed strong negative charge, and 11 had weak or no detectable charge near the melting zone. 
Similarly, Dye (2009) inferred the presence of both positive and negative charge layers near O °C in trailing 
stratiform regions in Florida that were investigated during the ABFM II campaign. As pointed out by Shepherd 
et al. (1996), the electric-field soundings in the convective regions of storms are quite different from those in 
the stratiform regions. Intense regions of charge are not seen near 0 °C in the convective regions. The strong 
fields near 0 °C in stratiform regions seem to be associated with aggregates and the radar bright band. 


It is hard to see how the non-inductive ice-ice collision process can explain the observation of charges of both 
polarities near 0 °C. The presence of both polarities suggests a mechanism associated with the melting of ice 
particles that in turn may depend on the strength of the local electric field and where the polarity is determined 
by the polarity of this pre-existing field [see Stolzenburg et al. (1994), Shepherd et al. (1996), and Stolzenburg 
et al. (2007) for a discussion of this mechanism, which they refer to as the inductive-melting charging 
mechanism first hypothesized by Simpson (1909)]. Shepherd et al. (1996) and Stolzenburg et al. (2007) have 
postulated that, as ice aggregates (snowflakes) melt, small fragments of the particles break off and carry away 
charge in the process. Observations of melting snowflakes by Knight (1979) support a fragmentation process 
during melting. When the aggregates or hail particles melt, aerodynamic forces acting on the falling particles 
cause any fragments or droplets that are shed to separate preferentially from the upper portion of the falling 
particle. In the presence of a strong pre-existing field, the melting particles will be polarized. The smaller 
fragments separating from the upper part of the melting particle will therefore carry away charge of the same 
polarity as the ambient electric field. Simultaneously, the larger part of the melting particle will come away 
with a charge of the opposite sign. 


Although the details of this melting mechanism are not clear, it does provide one possible explanation for a 
dense region of charge near 0 °C and a weaker layer of charge of opposite polarity below. One drawback of 
this mechanism is that in most circumstances it appears that this mechanism would act to reduce the strength 
of the pre-existing field. The details of the mechanism are intricately linked with the microphysical content in 
the melting zone. Although there are many measurements of the vertical profile of electric field and 
independent measurements of the ice and water particles near the melting zone, there are exceedingly few 
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simultaneous measurements of both the field and the cloud and precipitation particles. Such combined 
measurements are needed if we are to understand the origin of the intense charge layer and strong fields near 
0 °C in disturbed weather and possibly in some thick cloud layer conditions. 


Another melting-charging mechanism that is independent of the ambient electric field (i.e., non-inductive) has 
been suggested by Dinger and Gunn (1946) and by Drake (1968). This mechanism leaves negatively charged 
particles near 0 °C regardless of the ambient electric field, and the melting particles acquire a positive charge. 
Drake (1968) investigated the melting of frozen drops in a stream of air and attributed the charging to the 
bursting of air bubbles embedded in the ice during the melting process. In addition to not being able to account 
for charges of both polarities near 0 °C in different stratiform clouds, it seems unlikely that this mechanism 
can act during the melting of aggregates. The strong fields and charge seem to be primarily associated with the 
radar bright band (Shepherd et al., 1996), and the bright band is caused by the melting of aggregates of vapor 
grown crystals (snowflakes) (Fabry and Zawadski, 1995). Unlike graupel particles that grow via the accretion 
of supercooled water droplets and have small air-bubble inclusions, vapor grown ice crystals (from which 
aggregates grow) do not contain air bubbles. However, if some riming has occurred on the aggregates, 
inclusions of air are possible. Again, we see that simultaneous measurements of electric fields and the 
microphysical content of stratiform clouds, in correlation with radar signatures, will be essential if we are to 
improve our understanding of charging mechanisms near the melting zone. 


Although further work is needed to understand and quantify the process(es) responsible for the strong electric 
fields that are observed near the melting zone, the existing observations clearly show that an effective charging 
mechanism is often acting in the melting zone. Furthermore, different polarities of charge may be present in 
different storms. The existence of strong fields near 0 °C is the primary reason that flight is restricted through 
disturbed weather clouds with tops colder than 0 °C. 


In addition to the charge separation observed near the melting level, recent measurements in anvils also 
suggest that in-situ charging may be occurring at levels above the melting zone. Based on observations made 
during ABFM II, Dye and Willett (2007) have noted that charge separation appears to be occurring at 7 km to 
9 km levels (approximately -10 °C to -30 °C) in extensive, long-lived anvils where supercooled water is not 
present. There was a very broad ice particle size distribution in these clouds with sizes ranging from ~20 um 
ice spheres to aggregates as large as 1 cm. Kuhlman et al. (2009) have also documented that lightning can be 
initiated in the anvil of a complex storm system in Oklahoma, far from the convective cores of the system, and 
then propagate toward the core. (Normally, lightning is initiated in or near the core of a storm and then 
propagates out into the anvil.) In another study Weiss et al. (2012) found that lightning initiated in anvils of 
supercell storms in Oklahoma began near a local maximum in the radar reflectivity, between the main anvil 
charge and a screening layer above, or when one anvil was interacting with another. 


Thus there is growing evidence that charge separation can take place at levels above the melting level in 
anvils, but the details of the mechanism are not clear. Laboratory studies such as those of Jayaratne et al. 
(1983) have shown that weak charge separation does take place during ice-ice collisions in the absence of 
supercooled water. Therefore, in long-lived anvils, where the charging can take place slowly over extended 
periods of time, a possible source of the enhanced electric fields may be a non-inductive, ice-ice collision 
mechanism without supercooled water (see Section A3.8.3 of Appendix 3, "Cloud Electrification"). However, 
it is hard to rule out the possibility of other mechanisms, such as inductive ice-ice collisions, since pre-existing 
electric fields are often present. 


Precipitating stratiform clouds (and probably nimbostratus) usually have very broad ice-particle size 
distributions (Dye, 2009) that are similar to those found by Dye and Willett (2007) in long-lived anvils. It 
seems likely that in-situ charge separation could take place at mid levels in precipitating stratiform clouds and 
nimbostratus, as well as in anvils. 
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A4.1. Russian Measurements of Electric Fields and Inferred Charge Distributions in Stratiform Clouds 
During and especially after World War II the US Air Force found that many aircraft flying in Germany in 
stratiform clouds, especially nimbostratus, were being struck by lightning, especially when flying between 

0 °C and -10 °C, even though natural lightning usually did not occur (Harrison, 1946; Bachmann, 1977; 
Section A5.2 of Appendix 5, "Conditions for Triggered Lightning"). Obviously, hazardous electric fields 
existed inside these clouds. In spite of these observations, the early development of LLCC to avoid hazards in 
stratiform clouds was hampered by the lack of published data in the western scientific literature. There exists a 
considerable dataset of simultaneous measurements at different altitudes that were collected from ground 
stations in the Wetterstein Mountains of Germany at altitudes ranging from 600 m to 3000 m (Reiter, 1965, 
1968). Although these data are problematic because of their proximity to the ground, they generally show that 
an electrification process is operating in the melting zone of precipitating stratiform clouds. There are also a 
large amount of in-cloud electric field data measured from aircraft in several reports by Imyanitov and 
colleagues in the USSR (Imyanitov and Chubarina, 1967; Imyanitov et al., 1972). This dataset is still the 
largest that is available on the electric fields in stratiform clouds. There were initial questions about the 
reliability of these measurements (Merceret and Willett et al., 2010, Section 3.4.2), but eventually the results 
of Imyanitov et al. were used extensively in an attempt to obtain quantitative information on the electrical 
structure of stratiform clouds. The following tables were a major data source for analyses and ultimately for 
decisions relating to the LLCC in stratiform clouds. A more comprehensive summary of the observations of 
the electrical structure of stratiform clouds is available in MacGorman and Rust (1998, Ch 2). 


Means of the Absolute Values of the Maximum Electric Field (V m') 
Cloud for Various Cloud Thickness Ranges in Four Stratiform Genera 
thickness : a 200-500 500-1000 | 1000-2000 | 2000-4000 a 
and genera (m) (m) (m) (m) 


oO 250Vm'! | 400Vm' | 100 Vm! += — 
200 Vm! | 200 Vm! en 200 V m! 
200°Vm! | 200°Vm'! | 300Vm' | 800 Vm! aT Save 


400° V m' | 400° Vm! 500 V m' 800 V m' 2000 Vm' | 3100 Vm! 


Table A4-1. Mean maximum electric fields in layer-cloud types vs. thickness 


Note: The table presents values for varying thicknesses of different cloud genera from measurements 
near Leningrad [St. Petersburg] (Imyanitov and Chubarina, 1967). In each case, the maximum electric 
fields (Emax) Were determined, and the individual value of each Emax was used to calculate the mean of 
the absolute values of Emax for a particular value in the table. This yielded the values of the mean of the 
average maximum electric field. The values marked * are for a single thickness range of 0-500 m. For 
reasons that are not clear, this table [from Russian data] does not show values for St and Sc clouds more 
than 2000 m thick. 


For more than two decades, Imyanitov and colleagues studied the electrical structure of stratiform clouds in 
the USSR, mainly at three locations with different latitudes: Leningrad (St. Petersburg) at approximately 

60° N, Kiev at 50° N, and Tashkent at 41° N. The clouds were examined from the perspective of vertical 
profiles of the electric field obtained with instrumented airplanes. The data that Imyanitov and colleagues 
summarized came from about 900 spiraling ascents up through clouds to 6 km MSL. Imyanitov et al. (1972) 
reported each data point to be an average of 100 m vertically from a climb rate of about 4 m s!, and 3 km 
horizontally from a horizontal speed of about 50 m s"!. The observations shown in Table A4-1 indicate that in 
general the maximum electric field increases as the cloud genus moves from stratus (St) to stratocumulus (Sc) 
to altostratus (As) to nimbostratus (Ns). Furthermore, within a genus, thicker clouds tended to have larger 
maximum electric fields. The average maximum electric field for these genera (at 60° N) was larger in the 
summer than in the winter by factors ranging from about one to seven. Note in Table A4-1 that, for 


144 


nimbostratus clouds greater than 2000 m (~6500 ft) thick, even the mean of the maximum electric field in all 
155 nimbostratus clouds investigated was 2000 V m'! (2 kV m’). 


Imyanitov et al. (1972) interpreted their data as indicating the presence of different vertical charge structures 
that ranged from monopoles to vertically distributed, multiple charges as shown in Table A4-2. These data also 
indicate that there is an increasing complexity of the storm’s electrical structure with increasing thickness in 
each genus. 


Another tabular summary of electric-field measurements in stratiform clouds is shown in Table A4-3. This 
table has an additional genus, Cirrostratus. The maximum absolute value of the electric field in nimbostratus 
clouds is ~18 kV m', and even in altostratus, the absolute value of the maximum field is ~6.4 kV m!. Some of 
the findings in altostratus and nimbostratus clearly violated the 3 kV m' threshold that is used in the current 
LLCC. 


Cloud general 
thickness and 
charge structure 


Positive Negative Positive 
Monopole Monopole Dipole 


Table A4-2. Mean thickness vs. inferred charge structure and layer-cloud type 
Note: Average cloud thickness, AZayg (in meters), is presented for different inferred charge structures in 


different types of stratiform clouds near Leningrad (St. Petersburg), 1958-1959 (Imyanitov et al., 1972). 
The polarity of an electric dipole is defined to be the polarity of the charge on top. 


| | 00 | 5500 | -400, 200 | -2000 | 900 
| | 950 | 3400 | -600, 100 | -6450_ | 1450 


[2100 [900 [18.000 [72.000 


Table A4-3. Thickness, altitude, and field statistics vs. layer-cloud type 


Note: These observations were made near Leningrad [St. Petersburg] (Imyanitov and Chubarina, 
1967). Az is the thickness of the clouds. Zayg is the average altitude of the cloud base. Eso% means 80% of 
all measurements were between the two values shown. Emin and Emax are the extreme values of the 
electric field. 


What is apparent from the above data is that stratiform clouds with thicknesses of 2000 m (~6500 ft) or greater 
can be electrified, sometimes highly. Thus, these clouds do pose a significant threat to space vehicles flying in 
or near their vicinity. The above measurements are also the basis for the thickness that is used in the "Thick 
Cloud Layers" Rule, G417.19. In the current LLCC, the layer thickness has been reduced from 6500 ft 

(~2000 m) to 4500 ft in order to add a degree of conservatism to the rule. 
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A4.2 Post - Russian Measurements in Stratiform Clouds 

There have been a number of studies of stratiform clouds after the work of Imyanitov and colleagues 
(Imyanitov and Chubarina, 1967; Imyanitov et al., 1972). Most of these have been in the U.S. in precipitating 
stratiform clouds that were associated with the mature and decaying stages of mesoscale convective systems or 
disturbed weather. A summary of the electrical structure of precipitating stratiform clouds derived from 
balloon soundings, mostly obtained in Oklahoma, is given in Stolzenburg et al. (2007); and Figure A3-13 in 
Appendix 3, "Cloud Electrification," summarizes this charge structure inferred by Stolzenburg et al. (2001). 
Additionally, aircraft measurements made in trailing stratiform regions in Florida during ABFM II (Dye, 2009) 
show that strong fields frequently exist near the melting zone and at mid-cloud altitudes. These findings 
provide additional rationale for restrictions in the "Disturbed Weather" Rule, G417.17, when cloud tops are 
colder than 0 °C. 


There have been relatively few recent measurements in layer clouds other than those cited above in trailing 
stratiform regions. One exception is the study of Rust and Trapp (2002), who described balloon soundings of 
the electric fields inside several winter nimbostratus clouds in the U.S. that showed vertical fields of 1 kV m'! 
to 12 kV m' and horizontal fields ranging between 0.2 kV m"™ and 28 kV m". 


One of the goals of the ABFM I winter campaigns (Merceret and Willett et al., 2010, Section 5.4.1) was to 
measure the electric fields inside thick cloud layers and inside clouds associated with disturbed weather. 
During the winter campaigns in 1991 and 1992, there were 303 and 720 penetrations, respectively, of clouds 
that violated the "Thick Cloud Layers" Rule (ABFM Analysis Group, 1992a, 1992b). The rule at that time 
read, "DO NOT LAUNCH IF: The planned flight path is through a vertically continuous layer of clouds with 
an overall depth of 4,500 feet or greater where any part of the clouds is located between the 0 °C and -20 °C 
temperature levels" (Merceret and Willett et al., 2010, Appendix A.1.8). For clouds that violated the 
"Disturbed Weather" Rule, 394 and 130 penetrations were made in 1991 and 1992, respectively. The rule at 
that time read, "DO NOT LAUNCH IF: The planned flight path is through any cloud types that extend to 
altitudes at or above the 0 °C level and that are associated with disturbed weather within 5 nautical miles of 
the flight path" (ibid). The current rules (G417.19 and G417.17, respectively) are quite similar. 


Although many measurements were made in both thick cloud layers and clouds associated with disturbed- 
weather during ABFM I, the radar calibration was uncertain. When the Peer Review Committee (PRC)/LAP 
discussed the ABFM I results for thick clouds, it concluded that a radar-based approach was promising but that 
there were too many questions about the absolute calibration of the radar. Therefore the LAP did not proceed 
with a radar-based exception to the "Thick Cloud Layers" Rule (G417.19) as it subsequently did for anvil and 
debris clouds (see G417.11, G417.13 and G417.15). 


146 


Thickness (kft) 


4 G6 
Max E (kV/m) 


Figure A4-1. Cloud thickness vs. maximum electric field for layer clouds and disturbed weather 


Note: These measurements are from individual clouds investigated during ABFM I. Each point shows 
the maximum electric field (Max E) and thickness in a target cloud from multiple penetrations of that 
cloud by the aircraft. The horizontal dashed line is at the current thickness threshold of 4500 ft (see 
G417.19), and the vertical dashed line is at the current triggering threshold of 3 kV m" (see Appendix 5, 
"Conditions for Triggered Lightning"). Figure taken from ABFM I Analysis Team (1996, Figure 1.) 


Nevertheless, the measurements and subsequent analyses of the ABFM I dataset do provide information on the 
relationship between cloud thickness and electric field for thick cloud layers in Florida. A reanalysis of ABFM 
I measurements was performed in 1996 using a calibration of the WSR-74C radar at Patrick Air Force Base 
that was performed by CSR Corporation (ABFM I Analysis Team, 1996). Penetrations in both thick cloud 
layers and disturbed-weather clouds were compared with radar measurements. The analysis team reported that 
there was a weak relationship between the cloud thickness and the electric field aloft. This is illustrated in 
Figure A4-1, taken from the 1996 reanalysis report. 


It can be seen in the upper left portion of Figure A4-1 that the current "Thick Cloud Layers" Rule has a high 
false-alarm rate, i.e. many clouds thicker than 4500 ft do not contain strong electric fields. In addition to the 
maximum electric field for all penetrations in each target cloud that are shown in Figure A4-1, the analysis 
team examined and reported the false-alarm rate for individual penetrations, which was 94%. To try to develop 
a rule that would reduce the number of false alarms, the reanalysis team examined the false-alarm rate for 
other radar-based parameters, 'Vertically Integrated Liquid (VIL),’ 'Vertically Integrated Liquid above 0 °C 
(VILOC),' and 'Vertical Sum of Reflectivity above 0 °C (VSROC),' as well as that for cloud thickness. The 
false-alarm rate for VIL was 88%, and that for VILOC was 78%. The fewest false alarms were for VSROC, 
which reduced the rate of false alarms to ~68%. (ABFM I Analysis Team, 1996). 


The results in the upper right portion of Figure A4-1 also show that maximum fields greater than 3 kV m'! are 


found only in clouds that have a thickness greater than 4500 ft, thus supporting the safety of the current 4500 ft 
thickness criterion. However, this safety comes at the expense of a 94% false-alarm rate. 
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As discussed in Section A7.1 of Appendix 7, "The Physical and Statistical Basis for VAHIRR," the radar- 
based VSROC parameter, when horizontally averaged over 5 nmi or 10 nmi, has very similar characteristics to 
VAHIRR; VSROC averages reflectivity over a moderately sized area and accounts for the thickness of the 
cloud. Like VAHIRR, VSROC also has a threshold below which no observed electric fields exceeded 

3 kV m'. This is shown in Figure A4-2 for VSROC averaged over 5 nmi from the ABFM I reanalysis (ABFM 
I Analysis Team, 1996). The analysis team concluded that a radar-based rule using VSROC (and a calibrated 
radar) is likely to be safe as well as reduce the false alarm rate. 
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Figure A4-2. Scattergram of 'VSROC' averaged within 5 nmi vs. measured electric field 
Note: Aircraft data adapted from ABFM I Analysis Team (1996, Figure 16) 


Thus, it seems possible that in the future a radar-based parameter, such as VAHIRR, can be used to help 
reduce the restrictions on launch through thick cloud layers, but that awaits further research. 
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Appendix 5. Conditions for Triggered Lightning 


AS.0 Introduction and Summary 

Triggered lighting is defined as lightning that would not have occurred naturally (at least not at the same time 
and place) without the presence of a man-made structure or the intervention of an anthropogenic event. Man- 
made structures known to trigger lightning are primarily tall towers like the Empire State Building, and 
anthropogenic events include depth-charge explosions and space-vehicle launches. For more details on these 
various topics the interested reader is referred to the encyclopedic treatment by Rakov and Uman (2003, 
Chapters 6, 7, and 10), although the organization of their material is not convenient for our purposes. Section 
A5.1 outlines the intellectual development of the triggering concept. Section A5.2 briefly reviews the 
meteorological and electrical conditions in which aircraft are known to have been struck by lightning. There 
follows in Section A5.3 a detailed discussion of the various physical parameters that are believed to control 
triggering by a large space-launch booster. Finally, calculations leading to, and the uncertainties in, a3 kV m'! 
triggering threshold at 10 km altitude are reviewed in Section A5.4. As described in Appendices 7, "Physical 
and Statistical Basis for VAHIRR," and 8, "Standoff Distances from Anvil and Debris Clouds," this threshold 
has been used to develop the VAHIRR criteria for, and the standoff distance from, anvil and debris clouds. 


The arguments in Sections A5.3 and A5.4 may be summarized as follows: 


(1) ‘Leader viability,’ not classical 'breakdown,' is the most appropriate condition for triggering by a space 
launcher (see Section A5.3.2). 

(2) The ambient electrostatic field and its spatial distribution are the physical parameters that control the 
triggering process (see Section A5.3.3). 

(3) The 'constant-potential-drop' model is preferred for the calculation of leader viability because it is 
simplest and most closely related to experimental data (see Section A5.3.3). The smallest measured 
potential drop reported in that section is 3.3 MV at surface temperature and pressure. 

(4) E/N (‘Paschen's Law’) scaling is used for the altitude dependence of triggering conditions, even though 
it is almost certainly conservative (see Section A5.3.4). This decreases the surface triggering field (or 
potential drop) by a factor of 3 for 10 km altitude. 

(5) The 'conducting' length of the exhaust plume for Shuttle or Titan is estimated at 300 m, nearly 
independent of altitude, which is added to a vehicle length of 60 m to give the total conducting length 
(see Section A5.4.0). 

(6) The ‘electrical effective length’ of the vehicle-plume system is the total conducting length divided by 
two, giving 180 m for Shuttle and Titan (see Section A5.4.1). 

(7) A factor of 2 safety margin is applied (see Section A5.4.0). 

(8) Combining points (3) through (7) above yields an estimated 'triggering threshold' of 3 kV m'! (see 
Section A5.4.0). 

(9) This triggering threshold is quite uncertain but is believed to be conservative by as much as a factor of 
6 (see Section A5.4.3). 


A5.1 Development of the Triggering Concept 

The first broad hint of the existence of triggered lightning might have come from the early studies of lightning 
to tall structures by McEachron (1939). Using the time-resolved lightning camera that had been invented by 
C.V. Boys (1926), McEachron found that a large fraction of strikes to the Empire State Building were initiated 
by upward-propagating, positively charged leaders, just like most of the triggered lightning produced with the 
rocket-and-wire technique today (see below). Without the benefit of hindsight, however, the author did not 
speculate as to the cause of his large incidence of upward-initiated strikes beyond saying that 


"...the building acts as a great needle point, and may have a marked influence upon the character of the 


discharge... It is believed that upward leaders will only occur when conditions on the earth simulate a 
needle point of sufficient height to have an influence on the propagation." 
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It is interesting to note that Boys (1926, 1927), in the same 'news item’ that described his famous camera and 
in follow-up correspondence, may have been the first to propose rocket-triggering of lightning from the 
ground, although not much notice seems to have been taken of his suggestion: 


"There is one more experiment which I have wished to make with this apparatus. This is to fire a 
rocket towards or into a thundercloud when it is getting ripe for another flash. ...leaving a conducting 
trail of potash smoke and ions of every kind. ...If a photograph were obtained with the revolving lenses 
of a flash striking a rocket a good way up, the rocket itself might be expected to be the place of origin 
of the flash, and this position would be obvious on the plate, as below this the lightning would no 
doubt follow the rocket trail." (Boys, 1926) 


"If any question should arise as to the conductivity of the trail, this could be assured by allowing the 
rocket to carry up a hundred metres or more of fine copper wire arranged like a life-line so as not to 
kink." (Boys, 1927) 


The aircraft community recognized the possibility of triggered lightning early on, based primarily on the 
observation that flying aircraft tend to be struck by lightning more frequently than expected in clouds that are 
apparently not producing natural lightning. For example, in a review of the current state of knowledge about 
lightning strikes to aircraft Harrison (1946) said, 


and 


"From these data and other considerations (see sec. 18) it may be inferred that the presence of the 
aircraft is instrumental in initiating disruptive discharges in some cloud conditions where lightning 
would not have developed spontaneously in the absence of the airplane, other factors being equal. 
[Footnote:] The data lead to the implication that some cumulo-nimbus and perhaps other clouds have 
potential gradients insufficient for the evolvement of natural lightning, yet sufficient for the formation 
of a disruptive discharge when altered by the intrusion of an airplane into the scene." [from p.13] 


"However, the aircraft by its very presence may increase the potential gradient many fold, as explained 
in section 12. One process which invariably tends to accomplish this to an important extent is the 
distortion of the electric field by induction upon the conducting outer skin of the aircraft (see 
paragraph numbered (2) and following, in the abovementioned section). This is most likely to happen 
with notable consequences in a space where the initial potential gradient is already quite high, as 
between two contiguous, highly charged cloud regions of opposite polarity, or in the immediate 
vicinity of a single region having a great concentration of electrical charges of one predominant sign. 
It is possible under these circumstances for a disruptive discharge to be ‘triggered’ by the aircraft, 
provided (1) that the critical breakdown potential gradient is reached at or near the aircraft, and (2) that 
once the disruptive discharge is initiated at such a point continued propagation of the discharge 
streamer is assured by a sufficiently high average potential gradient in the space between the 
oppositely charged cloud regions or between a single charged region of one sign and another restricted 
region (whether of the cloud, space charge, or earth) with predominately opposite charge." [from p.57 
in Section 18] 


[It is worth noting that such well-known experts on atmospheric electricity as O.H. Gish, K.B. McEachron, 
E.J. Workman, and R. Gunn were on the Subcommittee on Lightning Hazards to Aircraft of the National 
Advisory Committee for Aeronautics for which Harrison (1946) was prepared. ] 
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Again without the benefit of hindsight, Harrison was apparently unaware of the advantage of airspeed in 
‘blowing away’ the space charge from corona discharges that would otherwise tend to reduce the electric-field 
enhancement near sharply curved surfaces on an airborne vehicle (discussed further below). 


Newman (1958), not Boys (1926), is usually credited with the first suggestion of triggering lightning with 
small rockets towing grounded wires: 


"One of the most important projects with the new boat facility is to ‘precipitate’ a natural lightning 
discharge and improve measurement of its characteristics... To minimize initial cloud field 
disturbance, it is planned, as illustrated in Figure 8, to project toward charged clouds a wire conductor 
about 1000 ft long by means of a small launching rocket... By timing the wire launching to correspond 
to an interval of high cloud gradients as measured by a generating voltmeter while cruising under the 
most highly charge cloud areas, it is believed probable to achieve a ‘hit' perhaps once per 10 shots." 


It is not obvious from the above quotation whether Newman realized that his technique would initiate a 
triggered flash or would simply intercept a natural one. Neither is it clear whether the idea was original with 
him; no references whatsoever are given in his article. Nevertheless his receiving credit for the invention is 
probably due to the fact that he did succeed in triggering lightning over water in 1960 according to Rakov and 
Uman (2003, p.265). Newman (1965) announced that he had triggered an unknown number of flashes on 
unspecified dates. 


Meanwhile, Young (1962) reported a lightning strike to the water plume from a depth-charge explosion that 
had been conducted in the Chesapeake Bay during June of 1957. At the time of the strike the plume had 
extended to a height of about 75 m, 1.6 s after the detonation. High-speed motion pictures of this event in 
Young's report made it possible to recognize the characteristics of this lightning discharge as very similar to 
upward discharges to tall structures like the Empire State Building. Young's observation seems to have been 
critical to the recognition and initial understanding of the triggering process. Brook et al. (1961) quickly 
proposed a credible explanation for the depth-charge event, and predicted the success of rocket-triggering 
attempts such as that recently proposed by Newman (1958). This explanation was based on prevention of the 
usual build-up of corona space charge around a conductor of high electric-field-enhancement factor by its 
rapid introduction into a pre-existing region of high electric field. 


To complete the story of rocket triggering, Newman et al. (1967) reported continued success and some 
interesting engineering results from their use of the technique over water. They do not seem to have measured 
the long-continuing current that probably preceded the return strokes in their triggered events, however. They 
explained the initial, continuing luminosity in their wind-streaked photographs as follows: "The wire was 
vaporized in the first stroke, the gradual dissipation of the metal vapor from the channel being shown clearly in 
the photographs.” They also drew no parallels to the very similar results from tower measurements such as 
those of McEachron, (1939). 


Jumping off from Newman's work, a group of French scientists and engineers continued the development of 
the rocket-and-wire technique into the routine technology for lightning research that is now known as 
‘classical’ triggering. Fieux et al. (1975) reported the first rocket-triggered lightning over land in 1973, and this 
success was followed by an ongoing study of the phenomena at Saint-Privat d'Allier in France. Some of the 
French scientists conducted experiments at the Langmuir Laboratory in New Mexico during the early 1980s 
(e.g., Hubert et al., 1984) and then at the NASA Kennedy Space Center in Florida [see, for example, Merceret 
and Willett et al. (2010) Sections 4.4.1 and 5.4.3]. Other triggering programs sprang up elsewhere in the world, 
some of which continue to this day. 


Returning to the tower measurements, Berger and Vogelsanger (1969) "suggested that the high electric field 
needed for the initiation of upward lightning [from tall structures] is rapidly created by an in-cloud 
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discharge..." according to Rakov and Uman (2003, p.243). Also, Uman (1987, p.215) reported that Berger 
(1977) presented evidence that large field changes due to cloud discharges immediately preceded the initiation 
of upward-moving negatively charged leaders. These reports would seem to finally complete the causal, as 
well as the phenomenological, similarity between upward lightning from tall structures and rocket-triggered 
lightning in terms of the explanation that had been proposed earlier by Brook et al. (1961): For tall structures 
shielding of the conductor by corona space charge is prevented by the sudden imposition of a high ambient 
field; for triggering rockets shielding is obviated by the rapid introduction of a long conductor into the pre- 
existing field. (See also discussion of new evidence to this effect in Section A2.1 of Appendix 2, "Spatial and 
Temporal Intervals between Lightning Discharges.") 


Meanwhile the aircraft community continued to debate whether lightning strikes to flying vehicles were due to 
the accidental interception of natural discharges or to actual triggering by the vehicle. Vonnegut (1965), 
clearly aware of the recent success of Newman's rocket-triggering efforts, summarized the arguments for and 
against triggering by aircraft. Fitzgerald (1967) concluded, 


"The data presented suggest that thunderstorms, in their early stages of dissipation, retain large charge 
centers to account for one or more lightning discharges if a suitable means of initiating a streamer 
becomes available. It is likely that an aircraft entering a storm in this condition will act to 'trigger' a 
lightning discharge." 


Cobb and Holitza (1968) reported, 


"A DC-6 research aircraft was struck by lightning on three occasions... Each event occurred in a 
dissipating cumulonimbus near the freezing level and in a region containing both ice and water... The 
possibility exists that one or more of the lightning strikes were triggered by the aircraft." 


As late as the early 1980s, Clifford and Kasemir (1982) were able to state, 


"Few data exist, other than circumstantial evidence and much speculation, to prove or disprove 
whether aircraft actually trigger lightning. However, the circumstantial evidence is growing and the 
idea of aircraft triggering lightning is fairly well accepted, although no definite triggering mechanism 
has been identified." 


Final proof of aircraft triggering (and by extension, of triggering by space-launch vehicles) came in two forms. 
The most definitive was a coordinated radar/instrumented-aircraft study by Mazur et al. (1984), who reported, 


"The analysis of radar echoes from lightning at the moments of strikes to the NASA Langley Research 
Center's F-106B instrumented airplane proves that the airplane itself triggers the lightning, rather than 
intercepting naturally occurring flashes... From the data obtained in 1982, every [UHF radar] echo 
from a lightning strike to the F-106B started directly on top of the airplane echo and propagated 
outward. ...none of the lightning flashes [for which the echo first appeared at some distance from the 
airplane], which is typical for the naturally occurring intracloud flash, ever struck the F-106B." 


The other form of proof was more circumstantial but equally convincing. Boulay et al. (1988), for example, 
were able to explain comprehensive current, electric- and magnetic-field, and video measurements on heavily 
instrumented aircraft during lightning strikes in terms of the following aircraft-triggering mechanism (for 
further explanation, see Section A5.3): After the aircraft flies into a region of high ambient electric field, a 
positive leader from one extremity begins the process, followed in a few milliseconds by a negative leader 
from another extremity. These leaders continue to extend and become a full-blown intra-cloud lightning 
discharge. Since this sequence of events had already been documented in lightning triggered from the ground 


154 


with ‘altitude rockets,’ which unspool ungrounded wires beneath thunderstorms [see, for example, Merceret 
and Willett et al. (2010, Section 5.4.3.4)], the explanation of Boulay et al. (1988) was compelling. 


In summary, it was already generally believed by the time of the Apollo XII incident in 1969 that 
lightning could be triggered by the rapid introduction of a long, grounded, conductor into a region of high 
ambient field. The strikes to Apollo XII extended this conviction to spacecraft during the boost phase. The 
resulting accident-investigation report, NASA (1970, p.48), concluded in part, 


"3. The lightning was most probably triggered by the presence of the effective electrical conduction 
path created by the space vehicle and its exhaust plume in an electric field which would not otherwise 
[have] discharged." 


[For more information about the Apollo XII accident, see Merceret and Willett et al. (2010), Sections 2.3 and 
3.0 and Appendix VI.] 


By the time of the Atlas/Centaur-67 accident in 1987 [again, see Merceret and Willett (2010), Sections 4.3.2 
and 5.0] both rocket and aircraft triggering were well established. It is now known that space vehicles can 
trigger lightning during ascent through sufficiently electrified clouds. The remainder of this appendix will 
explore the electrical conditions under which this is expected to occur. 


AS.2 Environmental Conditions for Aircraft Strikes 

As hinted in Section A5.1, lightning strikes to aircraft tend to occur near 0 °C and often are not associated with 
natural lightning. Harrison (1946) and Bachman (1977) both concluded that most strikes occur in or near 
cumulonimbus clouds (often apparently embedded in nimbostratus or other overcast conditions), on the cold 
side of the 0 °C level, while the aircraft is flying in cloud and/or precipitation. Rakov and Uman (2003, 
Chapter 10) give a good summary of several statistical studies, concluding that most aircraft strikes occur 
inside clouds at or just above the 0 °C level in association with precipitation and turbulence. The most 
illuminating illustrations are their Figures 10.3 and 10.4, which show that strikes to commercial aircraft in 
Japan occur at very different altitudes between summer and winter, but at nearly the same temperature levels 
(peaking between 0 °C and -5 °C). 


There have been at least four major field campaigns to measure lightning strikes on board instrumented aircraft 
that were deliberately flown into active thunderstorms (Uman and Rakov, 2003, Section 10.3). Two of these 
aircraft, the FAA CV-580 in 1985 and the French Transall C-160 in 1988, carried calibrated systems of 
electrostatic field mills that allowed the measurement of ambient field immediately prior to a number of 
strikes. The data from these systems have been summarized and interpreted by Laroche et al. (1989a) and by 
Lalande and Bondiou-Clergerie (1997). A more detailed discussion of these results may be found in Krider et 
al. (2006, Section 3.1.2.3). In summary, most of these strikes occurred near the 0 °C level, and the ambient 
electric fields measured by these aircraft immediately prior to triggering lightning averaged 50 kV m' to 

60 kV m’. 


It should be mentioned that the F-106B aircraft that was used by Mazur et al. (1984), as reported in Section 
A5.2, sustained most of its strikes at altitudes above 6 km, although no explanation has been given for this 
fact. 


A5.3 Physical Parameters that Control Triggering 
A5.3.1 Phenomenology of Triggered Lightning 
At least 80-90% of all lightning strikes to flying aircraft and spacecraft are 'triggered,' in the sense that they 


are initiated locally by the penetration of a large conducting body into a sufficiently large region of high- 
intensity ambient electrostatic field. As mentioned in Section A5.1, recordings of currents and electric-field 
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changes on board instrumented aircraft have been interpreted to indicate that such triggered strikes invariably 
begin with a ‘positive leader’ propagating away from an extremity on which positive charge had been induced 
by the ambient field, followed after a few milliseconds by the development of a negative leader from a 
negatively charged extremity, propagating in the opposite direction (Boulay et al., 1988; Mazur, 1989b). (Here 
the term, ‘leader,’ denotes a highly ionized, conducting, filamentary channel extending into virgin air. The term 
‘positive streamer,’ in contrast, will always refer to the poorly conducting 'corona’ space-charge waves (e.g., 
Dawson and Winn, 1965; Phelps and Griffiths, 1976) that are an important component of the advancing ‘head! 
of a positive leader.) 


A small percentage of aircraft strikes appear to result from the chance interception of naturally occurring 
lightning flashes. Perhaps some of these are actually triggered by large ambient-field changes that were 
suddenly imposed on the aircraft by nearby natural lightning. In any case these events need not concern us 
here because they can easily be prevented by avoiding any clouds that are producing natural lightning (see the 
"Lightning" Rule in Chapter 2, "Rationale"). Triggered lightning represents a severe hazard precisely because 
it often occurs in clouds that produce little or no natural lightning. 


Detailed study of the triggering phenomenon (as well as other important aspects of lightning) has been 
facilitated by rocket-triggering technology [see Section A5.1 and Merceret and Willett et al. (2010), Sections 
4.4.1 and 5.4.3]. ‘Classical’ rocket-triggered lightning is initiated by a small rocket towing a grounded wire 
aloft under a thunderstorm. It is now well established that this type of lightning normally begins with a 
positive leader propagating upward from the tip of the triggering wire toward a negatively charged cloud. 
Apparently identical positive leaders have been shown to initiate ‘altitude’ triggered lightning (Laroche et al., 
1989b), which is produced by a similar rocket towing an ungrounded wire aloft and appears to constitute a 
good analog for triggering by aircraft and spacecraft, and most 'upward-initiated' discharges to towers. 


Although the positive leader itself probably does not constitute a serious threat to a flying vehicle, the negative 
leader may, and their subsequent development into a discharge several kilometers in length usually results in 
large currents and current derivatives that can cause both direct and indirect damage (e.g., Walterscheid et al., 
2010, Section 2.3). Since the positive leader is believed to constitute the initial stage of all triggered strikes to 
such vehicles, it (and especially the conditions for its formation and continued propagation) is an important 
subject of study in its own right. Considerable information is available on the phenomenology of rocket- 
triggered positive leaders, including currents measured at the base of the triggering wires and electric-field 
changes at the ground produced by these currents (e.g., Laroche et al., 1988; Lalande et al., 1998), and 
propagation velocities and other interesting optical characteristics (Idone, 1992; Idone and Orville, 1988). 
Very briefly, during their first few hundred meters of propagation such leaders (1) have average currents of a 
few amperes, (2) normally exhibit rapid pulsing with peak currents of several tens of amperes, and (3) 
propagate at speeds ranging from a few times 10* to a few times 10° m s'. Unfortunately, the conditions 
required to initiate a viable positive leader (see below), especially from a spacecraft producing a significant 
exhaust plume, are not sufficiently understood. 


A5.3.2 Qualitative Discussion of Conditions for Triggered Lightning 

The initiation and continued propagation of positive leaders from conducting objects has been studied in detail 
in the laboratory, using sparks up to tens of meters in length, but to a much lesser extent on the scale of 
lightning discharges in the free atmosphere (e.g., Bazelyan and Raizer, 1998, 2000). Material relevant to the 
triggering conditions will be summarized here, and more details can be found in Section A5.3.3 and in Krider 
et al. (2006, Section 3.1.2). 


Basically, there are three conditions that must be satisfied in order to initiate and propagate a 'viable' positive 
leader. First, 'breakdown' must occur in a small volume of air near the surface of the object in question, in 
order to produce free electrons in sufficient quantities to carry an electric current. At standard temperature and 
pressure this means that the local electric field must reach a value near 3.0 MV m'; and when this occurs, a 
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phenomenon called ‘glow corona’ is produced. Second, the current in the corona region must be amplified to 
the point where streamers occur. Positive streamers propagate outward from the breakdown region, further 
heating a small volume that is called the 'stem;’ and this stem is where the positive-leader channel begins. 
Third, the ambient field must be large enough over a sufficiently large volume of space that the positive leader, 
once it has been initiated, will continue to grow and propagate (i.e., the potential at its tip will remain large 
enough relative to the local ambient potential to sustain propagation). This last condition is what we will refer 
to as ‘leader viability.’ 


The breakdown (first) condition can be computed relatively easily once the detailed geometry of the 
conducting object and its orientation relative to the ambient electrostatic field are known. If the conductor is 
uncharged, a geometrical ‘enhancement factor’ can be computed and used to estimate the maximum field that 
will be present on the surface of the object simply by multiplying the ambient field intensity by this factor. The 
enhancement increases with the length of the conducting object (in the direction of the ambient field) and with 
the inverse of the local radius of curvature of the object’s extremities. If the conductor carries a net charge, 
there will be another contribution to the field on the surface due to this charge, which can also be computed 
fairly easily, and this must be added to the enhanced ambient field. However, since the magnitude of the 
charge on the vehicle is usually not known, and since this charge can change rapidly as a result of particle 
impaction and/or corona discharges from the object, the determination of breakdown conditions is 
problematic. Nevertheless, the geometric enhancement factor remains the most familiar tool for estimating the 
risk of triggering lightning by airborne vehicles. (Perhaps this is because the same mathematical approach is 
often used to define the various 'zones' of lightning attachment to aircraft surfaces.) 


The leader-initiation (second) condition can be approximately summarized by the requirement that the 
potential difference between the object and its environment (1.e., the potential due to the ambient field) 
exceeds about 400 kV at standard temperature and pressure. If the object is uncharged and generally 
symmetrical with respect to the direction of the ambient field, then this condition will be met whenever the 
length of the object in the direction of the field, multiplied by the magnitude of that field, exceeds about 
800 kV. In this case, we say that the positive and negative extremities of the object each 'span' a potential 
difference of 400 kV. (Of course, no leader can be initiated unless the initial breakdown condition is also 
satisfied.) 


The leader-viability (third) condition is conceptually more complex but is probably the most important 
condition in practice. When a sufficiently long and thin conductor is exposed to a high electric field at near- 
standard temperatures and pressures (e.g., the grounded wire in classical rocket triggering), air breakdown 
always occurs before a positive-leader is initiated, and this in turn precedes positive-leader viability. For 
example, in rocket-triggered lightning, there are always indications of both air breakdown and leader initiation 
— the 'precursors' described further in Section A5.3.3 — well before the triggered lightning flash begins. In such 
a case, the enhancement factor is actually irrelevant, since it is a much less stringent condition than the one for 
leader viability. 


Even if the space vehicle of interest is not "sufficiently long and thin" to simulate a triggering wire, we remain 
profoundly skeptical of using electric-field-enhancement factors (breakdown conditions) to predict triggering. 
First, there are almost certainly small-scale features (e.g., wing tips, pitot tubes, radio antennae, and other 
protrusions) that are difficult to model and have much larger enhancement factors than the nose fairing. 
Second, there are likely to be imperfections in implementing the theoretical design that have even smaller local 
radii of curvature. Third, any flights inside clouds will involve impactions of water and/or ice particles that 
will certainly produce very small radii of curvature for a brief instant. Fourth, during conditions of particle 
impact, and perhaps even because of the action of the rocket engines themselves, the vehicle will likely 
become highly charged. Such charging can produce breakdown and corona discharges from vehicle 
extremities, sparking between poorly bonded conducting surfaces, and even surface discharges on non- 
conducting materials (see the rationale for the definition of 'triboelectrification' in Section G417.3, 
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"Definitions," and for the "Triboelectrification” Rule, G417.23). This fourth point is substantiated by many 
observations of aircraft going into corona while flying in clouds that are not electrified. For example, Thomas 
et al. (2004, Figure 13) have used a VHF lightning-mapping system to track the corona discharges produced 
by a commercial aircraft flying through a cirrus cloud. Similarly, when the Space Shuttle has flown through 
cirrus during landings at the NASA Kennedy Space Center, it has been tracked by a similar lightning-mapping 
system (the KSC LDAR, Frank Merceret, private communication, October 2005). For all of the above reasons, 
we will assume that the leader-viability criterion is a more robust triggering criterion than the simple 
enhancement-factor approach. 


A5.3.3 Results of a Key Field Experiment 

From first principles (e.g., Smythe, 1968, Sections 2.19 and 3.11), it is evident that the energy that drives all 
lightning discharges is extracted from the ambient electrostatic field. Therefore, one would like to know the 
ambient-field intensity, and its spatial distribution, associated with both unsuccessful and successful triggering 
attempts. Unfortunately, it is well known that ground-based measurements can be 'screened' from more intense 
fields aloft by a layer of corona-produced space charge (see Section A1.3.3.1 of Appendix 1, "Measurement 
and Interpretation of Surface Electric Fields"). There are few in situ measurements aloft from which to 
determine the necessary or sufficient conditions for propagation of positive leaders or with which to explain 
variations in their behavior. Therefore, Willett et al. (1999) conducted a major field experiment in Florida 
during the summer of 1996. 


The objective of this experiment was, in effect, to extend experimental work on long laboratory sparks from 
tens-of-meter to kilometer length scales. When conditions appeared favorable for rocket-triggered lightning, a 
special sounding rocket was launched to profile the vector ambient electrostatic field through the lowest few 
kilometers of the atmosphere. The sounding rocket was followed a few seconds later by a classical triggering 
rocket, and the currents and field changes of any positive leaders so initiated were recorded. For present 
purposes, the field profiles and the heights at which triggered lightning flashes were initiated are of primary 
interest. A summary of the data, which have been re-analyzed since original publication, is presented here. 


Figure A5.1 shows the lower part of the measured ambient-field profiles for all nine successful triggers that 
were reported by Willett et al. (1999). Here the magnitude of the vector field (which was always oriented near 
the vertical) is plotted as a function of height from the surface to 500 m altitude. Note that the field increased 
rapidly with height near the ground, due to the corona-space-charge layer, and then became relatively uniform 
over the height range in which triggering occurred (230 m to 447 m in this experiment). Profiles of ambient 
electrostatic potential relative to ground were also obtained by line integration of the field component parallel 
to the rocket trajectory and have been used to construct Figures A5.2 and A5.3. 


As the triggering rocket ascended in this environment, brief leader-like discharges ['precursors,' best described 
by Laroche et al. (1988)] began at heights of 102 m to 213 m, but successful positive leaders were not initiated 
until 164 +38 m higher (mean + standard deviation), where the magnitude of the ambient field was only 

2.9 +1.2 kV m' greater. Nevertheless, the magnitude of the ambient potential difference between ground and 
the triggering altitude was 2.4 +0.4 MV (2.5 times, on average) larger than that at the precursor-initiation 
height. (Note that this difference between the occurrence of precursor discharges and the onset of a viable 
leader exemplifies the well known fact that breakdown fields, or even bursts of positive streamers, at the wire 
tip are not sufficient to trigger lightning.) Thus it appears that the leader may have been waiting, not for the 
triggering rocket to fly into a region of higher ambient field, but for the triggering wire to span a threshold 
potential difference. More details can be found in Figures A5.2 and A5.3, as discussed below. 
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Figure A5-1. Profiles of the ambient-field magnitude prior to launching a triggering rocket 


Note: Adapted from Willett et al. (1999) 


159 


A significant shortcoming of the present data set is that the range of ambient field magnitudes aloft that were 
encountered during the experiment is relatively narrow — less than a factor of 2 — and similarly for the range of 
triggering heights. This makes it difficult to determine from scatter plots like those in Figure A5.3 whether the 
ambient field intensity, the potential spanned by the wire, or some other property of the field profile is actually 
the condition for triggering. For the same reason it is also difficult to use these data alone for model validation 
(see Krider et al., 2006, Section 3.1.2.3). 


A loose, quasi-theoretical argument for a threshold potential difference can be given as follows: Laboratory 
measurements show that direct-current (DC) arc discharges with currents comparable to those observed in 
rocket-triggered lightning by Willett et al. (1999) and others have longitudinal potential gradients of a few 
kilovolts per meter of channel length (e.g., King, 1961). Thus, one might expect a leader to propagate 
indefinitely in fields of that magnitude at standard temperature and pressure. Nevertheless, a discharge channel 
takes time for heating to develop to the point where its conductivity can be maintained by thermal ionization, 
as in an arc. Calculations of electrostatic conditions on thin, prolate, conducting ellipsoids in a uniform field 
show that significant field enhancements do not extend more than a small percentage of the total length of the 
ellipsoid beyond its tip. (The dependence on axis ratio is very weak.) Thus, a balance may exist between the 
ambient field intensity and the dimensions of the enhanced-field region, on the one hand, and the time and 
energy that are required to create a 'thermalized' channel that can become self-propagating, on the other. The 
balance can be tipped in favor of a successful leader either by lengthening the conductor or by increasing the 
ambient field intensity, in either case increasing the total potential difference that is spanned by the conductor. 


Willett et al. (1999) have tabulated two different threshold potential differences, one for precursor onset 
(obtained from records of channel-base current, rocket ascent rates, and the aforementioned potential profiles - 
- see Figure A5.2), and another for initiating a viable leader (obtained from still photographs showing the 
triggering height, together with the same potential profiles -- see Figure A5.3). (The green traces on each graph 
represent the corresponding regression lines.) Precursor onset can be considered to define the conditions that 
are safe, i.e., viable leaders do not form when the triggering wire spans only 1.6 + 0.3 MV (mean + standard 
deviation). The latter defines the conditions in which triggered lightning will likely occur, i.e., 4.0+0.5 MV. 
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Figure A5-2. 'Precursor'-onset conditions in rocket triggering 


Note that the electric field has been shown two different ways in the lower two pairs of the six panels (as 
tabulated in the upper-right panel): On the left side of each pair the magnitude of the vector field at the 
triggering height is plotted. On the right is the average field between the surface and the triggering 
height, which is slightly smaller because the field increases with height. [Adapted from Willett et al. 
(1999).] 
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Figure A5-3. Leader-onset conditions in rocket triggering 


Note: The yellow points represent a significant, but ultimately failed, leader that occurred in Flight 6, 
prior to onset of a viable leader. Otherwise as in Figure A5.2. [Adapted from Willett et al. (1999).] 
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The above empirically based characterization of the triggering conditions might be called the 'constant- 
potential-spanned' model. It predicts that the ambient field required for triggering, Eo (assumed uniform), 
should decrease inversely with increasing effective electrical length of the triggering conductor, H, as 

Eo = (4.0 x 10°)/H, where Eo is in V m'! and H is in m. Two modern, physically based models of positive- 
leader viability have been described and compared to both aircraft-triggered- and rocket-triggered-lightning 
data by Krider et al. (2006, Section 3.1.2). That discussion will not be repeated here except to point out that 
both physically based models predict the triggering field to decrease more slowly with increasing conductor 
length than does the constant-potential-spanned model. Nevertheless, within the range of the rocket-triggering 
data obtained by Willett et al. (1999), there is little evidence to distinguish among these three models. Since no 
physically based model has yet been either fully elaborated theoretically or adequately validated empirically, 
we choose to use the simpler constant-potential-spanned model in the following analysis. [Adding the aircraft 
data that was mentioned in Section A5.2 to the comparison (see Krider et al., 2006, Section 3.1.2.3) does 
appear to rule out the constant-potential-spanned model in general because that model seems to seriously over- 
predict the triggering fields for those relatively small vehicles. Nevertheless, when considering triggering by 
the large space launchers of interest here, it is believed safer to rely on actual data for conductors of 
comparable length -- see Section A5.4 below.] 


A5.3.4 Altitude (Density) Dependence of Triggering 

The altitude dependence of long-spark breakdown is essentially unknown and must be estimated from that of 
other, only partially applicable, electrical-discharge processes. There are three obvious candidates: Paschen’s 
Law (constant Eo/N, where Eo is ambient-field intensity and N is gas molecular density) is the most familiar 
air-density dependence in electrical breakdown, but it strictly applies only to small-scale volume breakdown 
by the Townsend process (e.g., Bazelyan and Raizer, 1998, section 2.2.1) or, on a much larger scale, by 
‘runaway electrons.’ Paschen’s Law is known not to apply, however, to the positive streamers that feed current 
into the head of a positive leader. The air-pressure, p, dependence of the positive-streamer 'stability field,’ E;, is 
proportional to the 3/2 power of air pressure at constant temperature (Phelps and Griffiths, 1976) — the 
strongest known pressure dependence for any important long-spark process. Nor does Paschen’s Law apply to 
the longitudinal potential gradient inside a DC arc. This third dependence is not as well known as that for 
positive streamers, as further summarized below, but measurements suggest only the 1/3 power of ambient 
pressure, and even this may be an overestimate. 


We look harder at the pressure dependence of arc potential gradient because it probably constitutes an absolute 
lower bound on the triggering conditions. (A positive leader obviously cannot continue to propagate if the 
internal potential gradient in its channel is greater than the ambient field.) The current-voltage characteristic 
(CVC) of the 'positive column’ (excluding the electrode regions) of DC arcs in air at atmospheric pressure has 
been the subject of considerable experimental investigation, but we are aware of only one study that measured 
the pressure dependence of the CVC of such arcs. Figure A5.4 shows some of these data, re-plotted from 
Figure 10.15 of Raizer (1991). 'Free-air' data has also been included in Figure A5.4 from Raizer (1991, Figure 
10.16) and from King (1961) (at atmospheric pressure only). 


163 


100 


= 
oO 


eum== 0.32-Power Law 
ess» Paschen's Law 
—@— i = 2 A-- Fig. 10.15 
= -@=°) =5A -- Fig. 10.15 
i= 2 A-- Fig. 10.16 
i= 5 A-- Fig. 10.16 
i=2 A-- King 
| = 5A -- King 


Longitudinal Field (kV m-*) 


{ 10 100 
Pressure (atm) 


Figure A5-4. Experimental Data on Arc Potential Gradient vs. Pressure 


Several comments are in order here. First, the measured longitudinal field in Raizer (1991, Figure 10.15) 
appears to depend on the 0.32 power of ambient pressure (magenta line) at both 2 A (solid green diamonds) 
and 5 A (hollow green diamonds), in dramatic contrast to Paschen’s Law (cyan line). Even this observed 
dependence might be exaggerated, however, as the measurements were apparently made on arcs that were 
confined inside cooled tubes. Second, data re-plotted from Raizer (1991, Figure 10.16, red symbols), 
specifically for unconfined arcs, indicates significantly lower potential gradients in free air. Raizer (1991, 

p. 273) offers the following comments on these issues: “If the pressure is increased at a fixed current, the field 
is enhanced (Figure 10.15). The enhancement is caused by increased radiative losses and, possibly, by a 
certain increase in heat transfer from plasma to the [tube] walls, dictating enhanced power per unit length, 

W = Ei. At equal currents, stronger field is required to sustain the plasma in a tube than in an arc burning in 
free atmosphere, because the transfer is more intense [in the tube] and more power is needed (Figure 10.16).” 
Third, the data on DC arcs that is summarized in Figure A5.4 appears to be relevant to the lightning-initiation 
problem because the time constants for adjustment of these arcs to changes in current [order 100 us (e.g., Edels 
and Graffmann, 1969; Latham, 1986)] are short compared to the leader-development times (a few 
milliseconds). Finally, we believe that the free-air data of King (1961) (blue symbols) is more quantitatively 
compelling than that from Raizer (1991, Figure 10.16) because King’s measurements were acquired with very 
careful attention to the experimental techniques so as not to compromise the free-air nature of the arcs in 
question, nor to underestimate the tortuous channel length. Therefore, we take the minimum electric field that 
is required to maintain a 2 A to 5 A arc in the free atmosphere to be in the range from 3.9 kV m''to 2.2 kV m', 
respectively, at surface pressure. We further take the pressure dependence of this field to be no stronger (and 
probably weaker) than the 0.32 power. 
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Note that, by quoting arc gradients at specific currents, we tacitly assume that the minimum current required to 
maintain a positive leader will not change substantially with altitude. Since this current is supplied to the 
leader channel by streamer processes at the leader tip, and since it is largely controlled by the leader- 
propagation speed (the physics of which is not well understood), there is no guarantee that this assumption is 
valid. 


The positive-streamer scaling as p>” is probably extreme for the triggering conditions, since it applies only to a 
small portion of the leader structure, but the estimated DC-arc scaling as p'? might be too weak for the long 
spark as a whole. Paschen’s Law remains a conservative middle ground. 


A new analysis of the dependence of positive-leader-viability conditions on atmospheric pressure by Bazelyan 
et al. (2007) has predicted that the conditions for continued propagation of a positive leader (which we have 
taken as the primary determinant of the triggering conditions) may be nearly independent of atmospheric 
pressure (altitude). Although this would be a welcome result (the triggering-field threshold would not decrease 
rapidly with increasing altitude as previously assumed by Krider et al. (2006, Section 3.1.3), the assumptions 
and theoretical manipulations used to obtain it are both uncertain and complex. Further, this result has no 
direct experimental validation. To stay the more conservative course, the Lightning Advisory Panel decided to 
continue using Paschen's Law (breakdown field inversely proportional to air density) in its development of the 
new VAHIRR criteria from the ABFM II results (see Appendices 7, "Physical and Statistical Basis for 
VAHIRR," and 8, "Standoff Distances from Anvil and Debris Clouds"). This decision is retained here from 
Krider et al. (2006, Section 3.1.3), with the understanding that it may result in a substantial underestimate of 
the triggering field at altitudes well above the surface. 


The same new analysis by Bazelyan et al. (2007) contains a careful theoretical calculation showing that the arc 
potential gradient should scale approximately with the 1/5 power of air density. This would imply that the 
range of arc potential gradient at 10 km altitude (1/3 of surface density) is closer to 3.1 kV m' to 1.8kV m'! 
than suggested by the 0.32-power dependence above. The work of Bazelyan et al. has also estimated that the 
leader-propagation speed, hence its current, should be almost independent of air density, so that the current 
range of 2 A to 5 A should still apply at 10 km altitude. Thus this range of ambient field remains our absolute 
lower bound on the triggering conditions at altitude, which would apply to conducting objects of effectively 
infinite length. 


A5.3.5 Velocity Dependence of Triggering 

The vehicle-velocity dependence of triggering is believed to be a threshold that is based on the ion-drift 
velocity in the geometrically enhanced electric field at the altitude of interest. The basic argument, originally 
due to Brook et al. (1961), is that space charge tends to accumulate in the air around a long, thin conductor 
embedded in a high ambient electrostatic field as a result of corona discharges from its tips. If the conductor is 
motionless relative to the air, this charge partially shields the conductor from the otherwise greatly enhanced 
field. If the conductor is moving rapidly, however, it will tend to leave the space charge behind, eliminating 
the shielding. How fast the conductor has to move to escape this charge sufficiently for triggering depends on 
the ion-drift velocity in the enhanced field near the conductor’s tips. 


A complete analysis of the situation is obviously complex, but rough estimates of the threshold speed at 
surface pressure may be made as follows: An extreme upper bound can be derived from the breakdown field 
(see Section A5.3.2). A somewhat more realistic estimate can be obtained by assuming the field to be limited 
near the positive tip by the positive-streamer stability field (see E; in Section A5.3.4). Taking the small-ion 
mobility to be about 1.2 x 10* m? V's", the resulting speeds become 360 m s"! and 54 m s", respectively. 
Recently Aleksandrov et al. (2005) have stated that a speed of only about 20 ms" is sufficient to overcome the 
shielding effect of corona space charge, but no details of this theoretical derivation were offered. 
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Although systematic experiments have not been carried out to our knowledge, speeds that are sufficient for 
lightning initiation clearly can be attained by triggering rockets as well as by flying aircraft and spacecraft. 
Two early types of triggering rockets that were used successfully by French triggering experts flew at 

170 ms", and their most recent design flies at 220 m s"!, according to St. Privat D’Allier Group (1985). 
Laroche et al. (1989a) asserted, “The critical velocity lies around 100 m s" for an electric field equal to one- 
third of the breakdown field in normal conditions. The [CV-580 and Transall] aircraft were flown at about the 
same speed, around 100 ms", so they were both in the same favorable conditions to trigger...” All of these 
observed speeds are consistent with the above estimates. 


The density (or altitude) dependence of this speed threshold would be controlled to some extent by the details 
of the shielding mechanism. Given that both the breakdown field and the positive-streamer stability field 
decrease with air density (see Section A5.3.4) and that the small-ion mobility increases approximately in 
inverse proportion to density, however, it seems likely that the threshold speed is approximately altitude 
independent. Therefore we need not be concerned with the velocity dependence for space launchers. 


A5.3.6 Possible Effects of the Exhaust Plume 

We have seen in Section A5.3.3 that the effective electrical length of the space launcher is a critical parameter 
in determining the triggering threshold, and this length is likely to depend strongly on the nature of the exhaust 
plume. Our discussion of this topic in Section A5.4 will echo the earlier analysis by Krider et al. (2006, 
Sections 3.1.5.3 and 3.1.5.4), which depended primarily on photographic and video measurements of the 
extent of the visible radiation from the incandescent particulates in the exhaust. Krider et al. (2006) had neither 
access to a model of plume conductivity nor any real idea what conductivity level might correspond to the 
electrical extremity of the plume. Here we first consider what conductivity levels in exhaust plumes might be 
important for determining the effective electrical length of a vehicle in flight. Note this is not the same 
problem as determining the radar cross section of a plume or the attenuation length for S-band 
communications. Our problem is much more similar to an electrostatic problem because the ambient 
conductivity of the troposphere, in which our plume is acting as a conductor, is so low -- typically less than 
10°? S m! below an altitude of 10 km. 


A5.3.6.1 Prior Research 

Prior literature on the electrical conductivity of rocket exhausts is extensive, but largely classified and directed 
primarily toward establishing the radio and radar signatures of ballistic missiles during launch and/or the 
attenuation of telemetry signals between those missiles and ground stations. Thus, this literature is mostly 
irrelevant for present purposes. The most relevant literature has been reviewed by Perala et al. (1994), a 
reference that remains the most comprehensive attempt to address the effects of the vehicle exhaust on the 
lightning-triggering problem. This work is discussed here in some detail. Also noteworthy is the work of 
Heckscher (1972) and Heckscher and Pagliarulo (1973), who attempted to estimate the conductivity levels of 
interest here (see below) and to measure directly the conductivity of rocket exhausts during launch (with 
limited success). 


Perala et al. (1994) adopted an interesting, but ultimately unsatisfying, approach. They first assumed 
(reasonably but apparently without theoretical or experimental justification) that the trailing end of the 
conductive portion of an exhaust plume acts like a Kelvin water-dropper or flame potential equalizer. That is, 
any space charge that would normally accumulate at this location is carried away in the exhaust flow so that, at 
equilibrium, this point has zero longitudinal electric field and therefore is at the same electrostatic potential as 
the ambient air at roughly the same altitude. This point in the plume was defined by a ‘critical conductivity’ 
that would be determined later in the context of a plume-chemistry model. Second, it was assumed that all of 
the (two-dimensional) exhaust volume bounded by the critical-conductivity contour (see below) acts as a 
perfect conductor that is electrically attached to the rocket body. With these assumptions, the electric field at 
the nose of the rocket can be calculated using electrostatic theory and is proportional to the magnitude of the 
ambient electric field in the longitudinal direction. (The rocket/plume conductor has a net charge that exactly 
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cancels the longitudinal field that would be induced at the trailing edge of an uncharged conductor in the 
ambient field. The equal and opposite net charge on the plume is assumed to disappear downstream in the 
exhaust trail.) 


The next steps taken by Perala et al. (1994) made use of two static test firings of small solid-rocket motors 
(described in their Appendix E), together with a numerical model of the chemistry of the exhaust-plume 
(described in their Appendix G). These steps are considered even less reliable than the electrostatic model 
outlined above. First a motor test stand was insulated from ground, and an electrostatic field was applied 
parallel to its longitudinal axis, so that the effective resistance of a fixed length of the exhaust plume could be 
measured. The results were then compared to predictions of the plume-chemistry code (Pergament et al., 1993) 
and found to be in poor agreement. The code was therefore "refined" by adding a mechanism of rapid 
hydration of positive ions and its effect on later recombination with un-hydrated negative ions. This yielded 
reasonable agreement between measurements and predictions. 


The modified plume code was then used to compute the two-dimensional geometry of various contours 
(extending down to 10°'° S m’) of the electrical conductivity that was expected in the exhaust plume of the 
small rocket motors that were used in the experiments. A second static test was conducted to measure the 
charging of a motor in the presence of a known, fair-weather, atmospheric-electric field. These measurements 
were extrapolated to obtain an asymptotic motor voltage, which was then compared with predictions of the 
electrostatic model described above, based on the different geometries of the model conductivity contours. The 
contour that gave the best agreement was inferred to be about 3 x 10°!°S m'. This was taken to be the critical 
conductivity mentioned above and, therefore, the conductivity value that defines the ’conducting extent’ of the 
plume. Finally, the authors argued that this value should be essentially the same for larger rockets powered by 
different motors. 


Although the work of Perala et al. (1994) has many uncertainties, not the least of which is their plume- 
chemistry model, it is interesting that Walterscheid et al. (2010, Sections 2.6.5.4 and 2.6.5.6) arrived at a 
similar estimate of the critical conductivity using two different approaches, as outlined in Section A5.3.6.2 
below. 


Heckscher (1972) outlined an interesting method of estimating the conductivity level of interest. Although 
quite different from either the complex approach of Perala et al. (1994) or the simple arguments of 
Walterscheid et al. (2010), Heckscher's calculation yielded similar results. He considered the initial stages of a 
launch and asked at what altitude the rocket electrically disconnects from ground, so that its potential can rise 
toward the local ambient value. This question was answered by balancing the current required to charge the 
rocket/plume combination (to hold it at ground potential as the vehicle gains altitude) against the current that 
can flow through the interface between plume and ground. Since both of these currents are proportional to the 
ambient field, the result must be independent of the field. This equation defines the critical conductivity at 
ground level in the plume as a function of vehicle altitude and other geometrical factors. Estimates were given 
for Minuteman, Atlas, and Saturn vehicles in Heckscher's Figure 15, which ranged from about 3 x 10°'! to 

3 x 10° S m' for altitudes ranging between about 30 m (for Atlas) and 500 m (for Minuteman), respectively. 


Armed with the relevant conductivity range, Heckscher (1972) and Heckscher and Pagliarulo (1973) described 
instrumentation for measuring, and ground-based measurements of, conductivity in the fringes of exhaust 
plumes from Minuteman, Atlas, and Saturn vehicles shortly after liftoff. They found measured conductivity 
values comparable to their calculated critical values for vehicle altitudes in the range given above. 


A5.3.6.2 New Analysis 

Walterscheid et al. (2010) first used a dimensional argument to estimate the relevant conductivity levels for 
determining the effective electrical length of an exhaust plume in their Section 2.6.5.4. This argument was then 
extended in their Section 2.6.5.5 to a simple, 1/2-dimensional calculation of the relaxation time of the potential 
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(as opposed to the local electrical relaxation time) at the end of a uniform, motionless, conducting plume 
embedded in insulating air. Finally, their Section 2.6.5.6 explored the validity of their dimensional argument 
with an explicit 1-dimensional, steady-state model of plume conduction, with variable conductivity but a 
uniform flow velocity. 


A5.3.6.3 Conclusions about Plume Effects 

Based on the above review and new analysis, Walterscheid et al. (2010, Section 2.6.5.6) concluded that the 
critical conductivity threshold that determines the electrical effective length of the exhaust plume is much 
lower than might be expected -- probably only a few orders of magnitude above the ambient value of about 
10° S m' at 10 km altitude, as had been predicted previously by Heckscher (1972) and Perala et al. (1994). 
This is probably much lower than the conductivity to be expected in the incandescent part of the plume (the 
length of which is used below to estimate the electrical effective length) and is also much lower than those that 
any known plume-conductivity model can accurately predict. If this conclusion is validated by more complete 
modeling and/or experiment, as recommended by Walterscheid et al. (2010, Section 2.6.5.7), then the actual 
effective length of a booster exhaust plume may be greater than the estimate used herein. This would make the 
overall electrical length of the vehicle during boost phase longer, which would, in turn, decrease its triggering 
threshold and make the triggering of a lightning discharge more likely. The uncertainties involved in the 
estimates of electrical effective length are discussed in Section A5.4. 


A5.4 Triggering Threshold for a Large Booster at 10 km Altitude 

Based on the discussion at the end of Section A5.3.3 above, the electric-field threshold for triggering by a 
launch vehicle in an anvil cloud has been estimated simply by starting from an experimentally measured 
electrostatic-potential drop. In a series of nine measurements, the minimum triggering potential drop for a 
rocket towing a grounded wire at surface conditions was 3.3 MV (Figure A5.3). This potential drop has been 
converted to a triggering field by dividing by one half of the total electrical length of the launch vehicle plus its 
conducting exhaust plume, as discussed in Section A5.4.1 below. Frank Merceret (private communication, 
ShuttlePlumeVideo.xls, 5 January 2004) has compiled night-time video data from Shuttle and Titan, indicating 
that the incandescent plume length was approximately 300 m in both cases and was relatively independent of 
altitude. Adding to this the length of the Titan vehicle itself (about 60 m) and dividing by two, we obtained a 
total ‘effective electrical length’ of 180 m. (This is only about a factor of 2 smaller than the triggering heights 
reported in Figure A5.3.) This length implies a triggering field of about 18 kV m' at surface pressure. An 
altitude scaling proportional to air density has been applied to this triggering field (or equivalently, to the 
triggering potential drop itself), as discussed in Section A5.3.4 above, to yield an estimated triggering 
threshold of 6.2 kV m' at a typical anvil altitude of 10 km. Finally, a factor of 2 safety margin has been added 
to give 3 kV m'. 


This triggering threshold might reasonably be scaled to other vehicles, in inverse proportion to the length of 
the vehicle plus its incandescent plume, and for clouds at other altitudes, in direct proportion to air density. 
Caution is advocated when scaling for length, however, for two reasons: First, the triggering conditions that 
are proposed here were derived from measurements on conducting wires a few hundred meters long; they may 
not apply well to much shorter conductors. Second, these are the conditions that are required to initiate a self- 
propagating positive leader. After such a leader attains sufficient length, it can probably continue propagating 
in an appreciably weaker ambient field because the voltage gradient in a DC arc that carries a few Amperes is 
only a few kV m' at surface pressure (see Section A5.3.4 above). Therefore, it would appear unwise to exceed 
this gradient by a large factor for any vehicle. 


A5.4.1 Effective Electrical Length 

Both the conducting length of the exhaust plume from solid-rocket boosters (SRB) and the factor of 1/2 
between the total and effective electrical length deserve further discussion. The conductivity of rocket exhaust 
is controlled by its temperature and mediated primarily by the ionization of trace amounts of alkali metals 
(sodium and potassium) in the fuel, by thermionic emission from solid carbon (and other) particles, and by 
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chemi-ionization (Krider et al., 1974). To the extent that the gas temperature is important in maintaining the 
electron concentration, however, the particulate temperature, which is probably responsible for the luminosity 
of an SRB plume, may not be relevant. According to 'RAMP2' modeling by the Titan engineers (Bob Crisler, 
Lockheed Martin Space Systems, Denver, personal communication, 5 April 2004) the aluminum oxide 
particles remain hot much further downstream than the gaseous components of the exhaust. Thus, the 
conducting lengths inferred from Frank Merceret's (personal communication, 5 January 2004) video data on 
the incandescent plume may be conservative, even in the light of Section A5.3.6 above. 


By way of comparison with Merceret's relatively altitude-independent plume-length measurements of about 
300 m (used herein), Nanevicz and Hilbers (1973) reported an estimated conducting length of ~200 m near the 
ground, based on measurements aboard two Titan flights. On the other hand, Perala et al. (1994) predicted 
~300 m at low altitude, based on unconfirmed modeling, increasing roughly in inverse proportion to 
atmospheric pressure to ~1040 m at 10.7 km altitude. Although we tend to discount the altitude dependence 
predicted by Perala et al. (1994), both low-altitude estimates tend to corroborate Merceret’s measurements. 


The factor of 1/2 arises from the observation that experimental measurements of triggering potential drop 
apply to a rocket-and-wire system that is grounded, whereas the flying launch-vehicle-plus-plume system is 
floating. A grounded wire can deliver unlimited charge to a developing positive leader without appreciably 
altering its own potential, but the behavior of the ungrounded system is more complicated. If the rocket 
engines do not actively charge the flying system, it will ‘float’ to a potential equal to the ambient potential 
approximately at its midpoint. Thus, it will initially span the ambient potential drop over only half of its length 
(from midpoint to either extremity). Initiation of an upward positive leader from the tip of this flying system 
will effectively increase the altitude of the ambient potential to which it floats (at least until a negative leader 
begins to propagate from the opposite extremity), however, making it even less than half as effective at 
triggering as a grounded wire of the same length. 


A more realistic assumption might be that the conducting/insulating transition of the exhaust plume (through 
which particulates are constantly streaming) acts as a potential equalizer, so that the lower extremity of the 
conducting plume is anchored at the local ambient potential (see Perala et al. 1994, as summarized in Section 
A5.3.6.1 above). In this case the flying system would initially span the ambient potential drop over its total 
electrical length. Nanevicz and Hilbers (1973, p.40) deduced from precipitation-charging measurements that 
the Titan plume was capable of discharging about 310 pA of negative charge without an appreciable rise in 
vehicle potential. Nevertheless, initiation of a positive leader from the tip of the launch vehicle would supply a 
current of a few Amperes (based on measurements in rocket-triggered lightning), which would probably 
overwhelm the potential-equalizing capabilities of the exhaust plume, returning us to the situation described at 
the end of the previous paragraph. At a minimum, the exhaust nozzles themselves might become the effective 
potential equalizer, reducing the electrical effective length of the flying system to the vehicle length. Even in 
this case, therefore, the factor of 1/2 appears to be conservative. 


Nanevicz and Hilbers (1973, p.31) also concluded that the Titan engines do charge the vehicle, but only 
between about 200 m (where the plume was taken to disconnect from ground) and 3700 m altitude (where the 
vehicle self charge returned to essentially zero). The vehicle charge was observed to saturate (at -200 kV -- 
presumed to be the corona threshold) between about 430 m and 760 m altitude. Nevertheless, this negative 
charging current was estimated at only 100 nA. Again, we assume here that the leader current would 
overwhelm such a small charging current. In summary, we believe that an electrical-effective-length estimate 
of 180 m is conservative for a large vehicle. 


AS.4.2 Pressure-Scaling Estimate 

Both the triggering potential drop and the conducting plume length may depend on ambient pressure (or 
altitude). Frank Merceret's video analysis and available modeling suggest that the incandescent plume length 
has little altitude dependence, at least from the surface through the range of interest for anvil clouds. The 
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pressure dependence of long-spark breakdown is not well known, however, and must be estimated from that of 
other (not necessarily applicable) electrical-discharge processes. As discussed in detail in Section A5.3.4, we 

have chosen to use Paschen's Law (inverse proportionality to atmospheric density) to extrapolate the estimated 
triggering threshold from surface conditions to 10 km altitude. This is likely to give a very conservative result. 


AS.4.3 Uncertainties and Degree of Conservatism 

There are a number of elements, including poorly known quantities and outright assumptions, that went into 
our estimated electric-field threshold for triggering of 3 kV m', as discussed in more detail above and 
summarized here: 


(1) Experimental Measurement: The minimum observed ambient electrostatic potential drop along a 
grounded rocket-triggering wire for successful triggering of a positive leader at surface temperature 
and pressure was 3.3 MV. This measurement has good accuracy for wire lengths of order 300 m. 


(a) Assumption: This measured threshold potential drop applies to conductors of other shapes 
and lengths. This assumption appears reasonable for conductor lengths within a factor of 2 of 
300 m, but this assumption has not been verified. 


(b) Assumption: A positive leader propagating in ambient air is the process that controls the 
triggering conditions for a flying vehicle. This assumption appears reasonable in the light of 
evidence from both aircraft in flight and un-grounded triggering rockets, but it ignores the 
possibility that the initial leader might begin propagating inside the exhaust plume, where its 
conditions for continued propagation are unknown and might be quite different. 


(2) Assumption: The above potential drop should be divided by half the total electrical length of the 
vehicle plus its conducting exhaust plume -- about 180 m for Shuttle and Titan. This assumption 
appears conservative for the following reasons: 


(a) Assumption: The conducting length of the exhaust plume was approximated by the 
incandescent length on video images, nearly independent of altitude within the height range of 
interest. This assumption may be quite conservative for Shuttle and Titan, in view of plume 
modeling that indicates the aluminum oxide particles (from the SRB's) remain hot much 
further downstream than gaseous components of the exhaust. (This presumed conservatism 
would not apply, however, to liquid-fuel engines that do not produce significant soot. Further, 
Perala et al. (1994) have predicted the conducting plume length to increase considerably with 
altitude, becoming as much as a factor of 3 longer than our estimate at 10 km altitude.) 


(b) Assumption: The total electrical length should be reduced by a factor 1/2. This factor is 
strictly appropriate only to long and thin, uncharged (electrically floating) vehicles. It may be 
conservative, however, for two reasons: 


(i) In the absence of other discharges, the extension of a positive leader from one 
extremity will not increase the effective electrical length of the vehicle/leader system 
(hence the driving potential spanned) as rapidly as it would if the vehicle were 
grounded (as in the case of the fundamental measurement in (1) above). 


(ii) Even if the exhaust plume acts as a potential equalizer, i.e., anchors the vehicle 
potential to ambient at the altitude of its conducting/insulating transition (which would 
be expected to negate the factor of 1/2), this equalizer effect would likely be 
overwhelmed by the few-Ampere current deposited on the vehicle/plume system by a 
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growing positive leader. Thus any potential equalization might actually occur much 
closer to (or even at) the exhaust nozzles. 


(3) Assumption: This triggering field should be scaled with altitude in proportion to atmospheric density - 
- down by a factor of 3 at 10 km altitude. This assumption may introduce as much as a factor of 3 
conservatism, based on the unconfirmed prediction of Bazelyan et al. (2007) that the conditions for 
continuous propagation of a positive leader should depend only very slightly on air density. 


(4) The resulting estimated triggering field of 6.2 kV m' at 10 km altitude was divided in half to give the 
3 kV m' field that was actually used. Obviously this introduces a factor of 2 conservatism. 


Conclusion: The value, 3 kV m", for a triggering field at 10 km is quite uncertain but may be conservative by 
as much as a factor of 6. 
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Appendix 6. Electrical Properties and Decay of Electric Fields in Cloudy Air 


A6.0 Introduction 

Cloudy air is an even poorer electrical conductor than clear air at the same height above Earth's surface. [The 
total ‘conductivity’ in clear air at 10 km altitude is only around 5 x 10° S m', corresponding to an ‘electrical 
relaxation time’ of roughly 20 s. Compare this to a typical metal such as aluminum, which has a conductivity 
of about 3.5 x 10’ S m' at room temperature. On the other hand, typical total conductivities at the surface 
during fair weather at KSC are between 0.4 x 10° S m' and 1.8 x 10°! S m' (Blakeslee and Krider, 1992)]. 
The often marked difference in conductivity between cloudy and clear air has some consequences that are 
important to the LLCC. In particular, stratiform clouds can store electric charge (and harbor hazardous electric 
fields) for long periods of time, and 'screening layers' can form on the boundaries of such clouds, masking high 
internal fields from detection outside of these clouds. The purposes of this appendix are, first, to theoretically 
explain the reduced conductivity in clouds and its main consequences, and second, to compare calculated 
decay times for hazardous electric fields in such clouds with observations made during the ABFM II 
experiment. The remainder of this Introduction is devoted to brief, qualitative descriptions of the processes of 
interest. 


We begin with some general background information about air conductivity, its causes, and its mediation by 
certain other atmospheric conditions [see, e.g., MacGorman and Rust (1998)]. The conductivity of the 
atmosphere is produced primarily by the presence of 'small ions' -- molecules with either an extra electron 
(negative ions) or a missing electron (positive ions), each normally surrounded by a cluster of other molecules. 
At surface conditions these two signs of ions have similar electrical 'mobilities' close to 

1.1 x 104 (ms"!)/(V mm), which corresponds to an ion-drift velocity on the order of one cm sin a typical 
'fair-weather' electric field of order 100 V m". It is mainly this mobility of small ions that gives rise to 
electrical conduction currents in response to electric fields in the atmosphere. In addition to the properties of 
the ions themselves, the atmospheric pressure (or density) primarily determines their mobility, since these two 
parameters vary in approximately inverse proportion to one another. Thus, the mobility at 10 km altitude is 
about three times that at the surface. 


In the absence of high electric fields, small ions are normally created in net-neutral pairs by background 
radioactivity, which is dominated by cosmic radiation, atmospheric radioactivity (Radon, Thoron, and 
daughter products), or surface radioactivity, depending on altitude and surface properties. In clean air they can 
be annihilated in pairs by recombination, but in the ‘planetary boundary layer' they are more often destroyed by 
attachment to aerosol particles to form ‘large ions' that have low mobility. In clouds the dominant small-ion 
loss mechanism is attachment to cloud particles. (Much more detail about this last loss mechanism is given in 
Section A6.1 below.) The mobility of charged cloud particles is negligible except at very high electric fields. 
Because of the competition between ion production and loss, the small-ion concentration can vary widely in 
the troposphere but shows a general increase with altitude, due primarily to increasing cosmic-ray ionization 
rate and decreasing aerosol concentration. Thus the ion density at 10 km altitude may be on the order of 

5 x 10° pairs per m? in the subtropical atmosphere under average solar activity. (The terms, "ion density" and 
"ion concentration," in units of m™, are used interchangeably in this appendix.) 


‘Polar’ small-ion conductivity (that is, the conductivity due to only a single polarity of ion) is the product of 
polar ion density, polar ion mobility, and the charge on the electron. In the free atmosphere (in the absence of 
cloud and ignoring charged aerosol particles) the electrical 'conduction-current density’ can be written as the 
product of the electric field and the total small-ion conductivity (sum of the two polar conductivities). This 
equation is meaningful when the conduction process is 'Ohmic,' as in a metal -- that is, when the conductivity 
(primarily the ion density) does not depend on the magnitude of the electric field. Under Ohmic conditions, the 
conduction-current density is therefore linear in electric field, and it can be shown that any net charge that is 
deposited within an otherwise uniform region of the free atmosphere (and the electric field associated with that 
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charge) decays exponentially with an electrical relaxation time that is inversely proportional to the total 
conductivity. Although generally true in the free atmosphere, except in extreme field intensity, we will see 
below that cloudy air that is exposed to even moderate electric fields is not Ohmic. 


There are two principal reasons for the reduced conductivity inside clouds that is our main interest in this 
appendix. The best known is the diffusion of small ions of both signs to the cloud particles, which occurs even 
in the absence of electric fields. Such diffusion tends to reduce both ion densities, hence the air conductivity, 
in inverse proportion to the diameter and number concentration of the cloud particles, so it is most important in 
dense clouds of small droplets at relatively weak fields. Any electrical conduction that may occur under these 
circumstances remains Ohmic. 


The other important ion-loss process in clouds is the field-driven attachment of small ions to cloud particles. 
This process tends to reduce the ion densities in inverse proportion to the total cross-section area of particles 
per unit volume of cloud, and also in inverse proportion to the ambient electric field intensity, as we will show 
in detail in Section A6.1 below. It is most significant for larger particles in relatively high electric fields. Since 
the ion densities become field-dependent under these conditions, the conductivity depends on the field and 
conduction is no longer Ohmic. Both of the above ion-loss processes tend to destroy small ions of both 
polarities at approximately the same rate, so they don't generally cause significant departures from charge 
neutrality, either of the cloud particles or of the air between them. 


There are two other phenomena that can occur at a boundary between cloudy and clear air when it is exposed 
to a perpendicular electric field. In contrast to the above, both can cause significant departures from charge 
neutrality. The most important of these processes is the formation of a screening layer, as discussed in more 
detail in Section A6.2 below. If the cloud is dense enough that the ion densities inside the cloud are 
significantly reduced (either by diffusion or by field-driven attachment) compared to those in the clear air, then 
there will be a net field-driven motion, or ‘drift,’ of charge onto particles near the surface of the cloud. 
Suppose, for example, that the electric field points from the cloud into the clear air. (Here we use the 'physics' 
sign convention that the direction of the field is the direction of the resulting force on a positive test charge, as 
discussed further in definition of ‘electric field measurement’ in Section G417.3, "Definitions.") Then the 
relatively numerous negative ions in the clear air will drift into the cloud and become attached to cloud 
particles, whereas many fewer positive ions will drift out of the cloud into the clear air. Net negative charge 
will therefore accumulate near the surface of the cloud unless turbulent mixing at the cloud boundary 
interferes. Over time this process can dramatically reduce the electric field outside the cloud, thus masking 
high electric fields in the interior of the cloud from detection outside. 


The other, less important, cloud-boundary process has its main effect in the clear air just outside a cloud and is 
similar to the 'electrode effect’ that occurs when a rigid surface is exposed to a perpendicular electric field in 
air. [The 'classical' electrode effect is known to occur in calm air over water, where it can change the 
magnitude of the electric field by about a factor of 2 over a few meters of vertical distance. The effect becomes 
more complex, however, in air with significant aerosol content, in the presence of significant turbulent mixing, 
and/or over land with appreciable surface radioactivity -- see Hoppel et al. (1986).] Continuing the above 
example, outside the cloud the initially numerous positive ions drift away from the cloud boundary, to be 
replaced by the relatively scarce positive ions from inside the cloud. At the same time the negative-ion 
concentration just outside the cloud may also decrease somewhat as recombination loss (reduced in proportion 
to the positive-ion concentration) loses out to flux divergence because of the strong electric-field gradient 
there. These changes result in a layer of air just outside the cloud that is depleted of positive ions, hence 
negatively charged. This 'electrode layer’ contributes to some extent to the masking effect of the screening 
layer inside the cloud. Note that the electrode layer outside the cloud cannot be fully separated from the 
screening layer inside in this case, since the electrode layer influences to some extent the flux of negative ions 
entering the cloud. 
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Sections A6.1 through A6.4 discuss the physics of small-ion attachment to cloud particles in the context of a 
simple model of charge decay in an anvil cloud. Along the way Section A6.2 provides more information about 
screening layers and their existence on the surfaces of stratiform clouds like anvils, debris clouds, nimbostratus 
clouds, and thick cloud layers, but probably not on cumulus clouds. The model is used to estimate the lifetime 
of high electric fields inside anvils that are no longer being supplied with charge, either by advection from 
their parent thunderstorms or towering cumulus clouds, or by any internal charge-separation mechanism. An 
attempt at model validation against ABFM II data is described in detail in Sections A6.5 and A6.6, since it has 
not yet appeared in the refereed literature. 


A6.1 Model Description 

An Airborne Field Mill experiment (ABFM II) was conducted during 2000 and 2001 in the vicinity of the 
NASA Kennedy Space Center, Florida, to measure the ambient electrostatic fields, the size distributions of the 
cloud and precipitation particles, and the radar-reflectivity distributions in anvil and debris clouds. This 
experiment and its main results are described in detail by Dye et al. (2004 and 2006) and by Merceret and 
Willett et al. (2010, Sections 6.4 and A5). The reader is referred to those references for further information 
about instrumentation, data analysis, and conclusions. The ABFM II results that are most important to the 
LLCC are described in Appendices 7, "The Physical and Statistical Basis for VAHIRR," and 8, "Standoff 
Distances from Anvil and Debris Clouds." 


A major motivation for ABFM II was to validate a simple physical model of charge decay in anvil clouds so 
that this model could then be used as a basis for less conservative LLCC. To be useful to the space-launch 
community, the model would have to reliably predict upper bounds on the decay time of elevated electric 
fields in terms of some readily-observable parameter(s) of anvil clouds. One of the purposes of the present 
appendix is to describe such a model and the extent to which it could be tested against data from ABFM II. 
The charge decay modeled here is that caused by bulk electrical conduction currents flowing in the reduced 
conductivities within these clouds. 


As we shall see, the ABFM II dataset did not prove adequate to validate or invalidate this simple model, 
although the data do appear generally consistent with its predictions. The model was useful, however, in 
interpretation of the data and, in particular, helped the ABFM II team arrive at two important conclusions 
about anvil electrification (Dye et al., 2006; Dye and Willett, 2007). Much of the analysis described herein has 
been reported by Willett and Dye (2003). 


A theoretical discussion of the ionic conductivity inside clouds might begin with the work of Gunn (1954) on 
diffusional charging of cloud droplets by small ions and of Gunn (1956) on their electric-field-driven charging. 
Phillips (1967) considered a superposition of both processes in his analysis of the conductivity inside 
electrified clouds, concluding that high electric fields render the cloud medium almost non-conducting by the 
usual small-ion-drift mechanism. Klett (1971) analyzed this superposition more carefully and concluded that it 
gives a fairly good approximation to the correct result, even when diffusional and field-driven charging are of 
comparable importance. Griffiths et al. (1974) used essentially the same superposition to estimate the ionic 
conductivity in hypothetical clouds with certain parameterized particle-size distributions. In the same year, 
Rust and Moore (1974) presented reliable measurements of the ionic conductivity just inside the bases of 
weakly electrified clouds, showing that it tended to be about 1/10th that in clear air at the same altitude. 
Orville et al. (1988) used these measurements to estimate an electrical relaxation time of about 4400 s, which 
they applied to the upper levels in the stratiform region of a mesoscale convective system (MCS). Below we 
use particle-size distributions that were actually measured inside anvil clouds during ABFM II to compute the 
cloud conductivity in both low and high electric fields. 


Here we describe a simple model, following lines indicated by Phillips (1967), Krehbiel (1969), and Griffiths 


et al. (1974), to calculate the temporal decay of the vertical electric field, E(4), within a previously charged, 
horizontally stratified anvil cloud, given a measured particle-size distribution, M(d). This model envisions a 
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microphysically uniform and constant, motionless, ice cloud that contains a thin layer of positive charge 
between two thin, negative screening layers. Here we assume for simplicity that each negative screening layer 
contains half the charge area density of the internal positive layer. Evaporation, sedimentation, aggregation, 
and turbulent mixing, all of which would be expected to speed up the decay of the electric field inside a real 
cloud, have been neglected, although the potential effects of these processes are considered further below. The 
positive and negative ions within this cloud are assumed to have equal concentrations and identical properties. 
Because of the simple geometry all variables are uniform in magnitude throughout the bulk of the cloud 
(between the charge layers), so the volume net-charge density there remains zero. Thus, 


dE/dt = -J(t)/eo = -2ekn(t)E(t)/éo (1) 


where J(t) is the vertical conduction-current density, e is the electronic charge, k is the small-ion mobility, n(t) 
is the polar small-ion density (that of both polarities being assumed equal, hence the factor of 2), and & is the 
dielectric permittivity of free space. (The physics sign convention is used throughout, and the vertical vector 
components, F and J, are positive above the internal positive layer and negative below it.) It was apparently 
first recognized by Phillips (1967) and independently by Krehbiel (1969) that J(t) becomes constant in such a 
cloud -- independent of both k and E(t) — when the electric field is strong enough. In this limit we will see that 
the field decay is linear and can be quite slow in dense anvils, as illustrated below. 


Note that a macroscopic, continuum approach has been used to compute electrical conduction and electric- 
field decay inside the cloud, in spite of the fact that nearly all charge actually resides on cloud particles. The 
main justification for this approach is that, in order to eliminate the macroscopic electric fields of concern for 
launch safety, we do not care whether or not the charge on individual particles is neutralized. It is sufficient 
that the large-scale, net-charge density be neutralized, and this can be accomplished by macroscopic 
conduction currents mediated by a bulk "conductivity." ("Conductivity" is placed in quotes here because the 
conduction envisioned is not Ohmic, hence "conductivity" is not independent of field, nor is it constant in time 
as the field intensity decays.) For these purposes the microscopic deposition of opposite charge on other 
particles within the same macroscopic cloud volume is equivalent to neutralization of the initially charged 
particles. 


We implicitly allow the positive and negative small-ion densities to diverge and to have strong gradients near 
the surfaces of individual cloud particles when computing the attachment rates of ions to particles (below). 
This does not invalidate the macroscopic calculation in Equation 1, however, as long as the fraction of cloud 
volume occupied by particles is negligibly small. We will assume that the particles are far enough apart that 
the local ion-density gradients produced by one particle do not significantly affect the attachment rates at 
another. This assumption should be valid at least on average over the ensemble of relatively scarce, medium- 
sized particles that turn out to be most influential on the decay from high electric fields. 


Our analysis begins with the steady-state, small-ion budget equation in a population of stationary, mono- 
disperse, spherical cloud particles, from Pruppacher and Klett (1978, Eq. 17-40). After neglecting small-ion 
recombination and aerosol attachment (both small compared to attachment to cloud particles in any cases of 
significance to launch safety), this equation has been simplified to consider only uncharged cloud particles and 
has been generalized to account for non-spherical (ice) particles. The simplification is justified for an ensemble 
of initially uncharged particles in air of approximately equal, polar, small-ion densities by the modeling results 
of Griffiths et al. (1974). The generalization is based on the well-known analogy between the diffusive flux to 
an isolated object and its electrical capacitance (e.g., Pruppacher and Klett, 1978, Section 13.3.1). The 
‘Einstein relation’ (e.g., Pruppacher and Klett, 1978, Eq. 12-21) has also been used to replace the ionic 
diffusivity with k in the second term on the right-hand side: 


q ~ A-(d)KN(d)n()E(t) + [C(d)/eo] [KKT/e]N(d)n(t) (2) 
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Here q is the ionization rate, A-(d) is the effective electrical cross section of a particle of long dimension, d, 
C(d) is the electrical capacitance of that particle, K is Boltzmann's constant, and T is absolute temperature. 


The steady-state assumption (that dn/dt ~ 0 in the small-ion budget equation) is valid to the extent that the time 
scales of interest are long compared to the small-ion lifetime, t; = n/g. An upper bound can be placed on 7; by 
setting the (neglected) ion-ion recombination-loss rate equal to g. At an assumed altitude of 10 km, this results 
in t;~ 140 s, which is certainly negligible from the point of view of launch safety. 


The first term on the right represents the small-ion loss rate due to field-driven attachment of ions to cloud 
particles, which dominates at high enough electric-field intensity (see below), producing an ion density that is 
inversely proportional to field. The second term is the diffusive loss rate, which dominates at low fields, 
resulting in an Ohmic conductivity, independent of E. When N(d) is a particle-size spectrum, each term on the 
right-hand side of (2) must be regarded as an integral over the size distribution. 


Equation 2 can be solved for n(t) and inserted into (1) to give a first-order, non-linear, differential equation for 
E(): 
dE/dt = -2eq{eoN(d)[Ae(d) + C(d)KT/(e0eE(t))] }! (3) 


where again each term in the denominator on the right-hand side is to be considered an integral over the size 
distribution. Notice that, although both loss terms in (2) depend on the small-ion mobility, (3) is independent 
of k; thus no results below (except those in Figure A6-2 itself) depend on k. This equation has been solved 
numerically for various observed particle-size spectra, as illustrated in the next section. 


In general A. and C are functions of the shape, as well as the long dimension, of the cloud particles. For all 
numerical calculations herein, however, we have approximated particles of all sizes by spheres of diameter, d. 
This assumption is justified for at least three reasons. First, most of the particles in the intermediate size range 
that has the greatest impact on the decay from high electric fields (see below) had irregular shapes with major- 
to minor-axis ratios near unity or were aggregates (Dye et al., 2006). For aggregates > 300 um, Westbrook et 
al. (2004) have shown that the major- to minor-axis ratios are near 1.5. Calculations using prolate ellipsoids 
indicate that the magnitude of A-(d) for such particles does not differ significantly from that for a sphere of 
diameter, d. Second, C(d) is even less dependent on particle shape than A.(d). Third, the smallest particles, 
which dominate the diffusive loss rate of ions, tend to be frozen water droplets (Dye et al., 2006), which are 
innately spherical. Thus we use the following spherical approximations: 


A-(d) = 3nd2/4 and C(d) = 2me0d (4) 


This turns out to be the conservative approach, as it predicts the slowest possible electrical decay for a given 
size distribution. 


During the time that the electric field is decaying in a cloud parcel, the particle-size distribution would 
normally be decaying as well by some combination of evaporation, sedimentation, aggregation, and turbulent 
mixing. These processes would be expected to result in lower concentrations of particles in all size ranges. 
Thus, the small-ion densities, electric-current density, and decay rate of field should all become progressively 
larger as time goes on. Therefore, the neglect of these processes in our model will almost invariably lead to a 
conservative over-estimate of the time required for field decay. The progressive decay of the particle spectrum 
is, however, taken into account explicitly in one example later on. 


Gravitational sedimentation of the cloud particles also introduces a 'ventilation' correction to the diffusive loss 
term in (2) that increases the loss rate, with greater loss for larger (hence, the more rapidly falling) particles 
(e.g., Gunn, 1954). This is because the air flow around a falling particle tends to concentrate the ion-density 
gradient, especially near its lower surface, thereby increasing the diffusive flux. Although ventilation does 
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increase the diffusive loss of small ions to the larger particles, the consensus is that it does not change the 
dominance of electrical-attachment loss at high fields (e.g., Pruppacher and Klett, 1978, Section 17.3.3). This 
issue has not been investigated further here. 


Particle ventilation also has an effect on the field-driven loss term, but in the conservative direction of 
reducing the ion-loss rate. When the terminal velocity of an uncharged particle exceeds the ion-drift velocity in 
a vertical ambient field, the particle collects ions of one polarity on its lower surface, while ions of the 
opposite polarity are advected away before they can be collected on its upper surface. This is the well-known 
Wilson (1929) selective-ion-capture process. The particle charges up to a steady-state level at which it is 
collecting ions of both polarities at an equal rate. Whipple and Chalmers (1944) showed that, for a rapidly 
falling spherical particle in Stokes flow, the ion loss rate at equilibrium is just 69% of that if the particle were 
motionless (as assumed in Equation 2). This complication will be ignored here both because the Wilson 
mechanism does not operate on very many particles at the high fields of interest to launch safety and because 
any resulting error will be on the conservative side. 


Other neglected mechanisms that might lead to faster electrical decay than predicted by our model are the 
mutual repulsion of like-charged particles in the various charged layers [which has been found to be extremely 
slow by both Hill (1988) and Rutledge et al. (1993)], the removal of the charge from these layers by 
precipitation scavenging, and the physical dispersion of the layers by turbulent mixing. The second process 
was found to be very important in the stratiform regions of MCS's by Bateman et al. (1995), although our anvil 
clouds were not overtly precipitating. The third process is more difficult to quantify, since we have no vertical 
profiles of temperature or wind speed inside our anvils, nor do we have direct measurements of the turbulence. 
Rutledge et al. (1993) have offered what we consider to be a very optimistic assessment of the efficacy of 
turbulent mixing in stratiform clouds by assuming a point source of charge within what is essentially 
boundary-layer turbulence. Stolzenburg et al. (1994) take a more realistic approach, concluding that turbulence 
might reduce the maximum charge density on the order of a factor of 2 over 4000 s in the stratiform regions of 
MCS's. This estimate might be reasonable for our anvil clouds, although the environmental wind shear in 
summertime Florida was usually low and the science observer onboard the aircraft generally reported a smooth 
ride, indicating little turbulence. 


It should be emphasized that we are implicitly assuming an all-ice cloud (no liquid water and no melting) with 
no collisions, condensation, or evaporation, hence supporting no active electrification mechanisms. As 
mentioned above, all of our other assumptions (except neglect of the ventilation correction to the diffusive 
loss, which is almost certainly unimportant) tend to underestimate the decay rate of electric field in real clouds. 
Therefore, to the extent that local electrification mechanisms are indeed absent, our model should give an 
upper bound on the decay time of electric field in anvil clouds, as desired. 


A6.2 Screening Layers 

The details of screening layers are discussed here as another complication that has been neglected in the 
simple electrical-decay model described above. Outlined briefly in Section A6.1, screening layers have been 
modeled by Brown et al. (1971), Hoppel and Phillips (1971), and Klett (1972). Phillips (1967) had previously 
given a semi-quantitative theoretical discussion, and Hoppel and Phillips (1971) presented a nice review of the 
topic, including historical evidence that screening layers actually exist in the atmosphere. More recent, 
balloon-borne measurements have shown that screening layers at the top and bottom of anvil clouds (or at the 
tops of thunderstorms) have thicknesses of a few hundred meters, though sometimes as much a kilometer 
(Winn et al., 1978; Marshall et al., 1984, 1989, 1995; Byrne et al., 1989; Stolzenburg et al., 2010). These 
observed thicknesses are compared with a theoretical thickness that is estimated from Equation 12 at the end 
of Section A6.4 


The phenomenon is more complex than it might appear because screening layers do not reach a steady state in 
real clouds. First we describe the relatively simple, numerical approach of Brown et al. (1971), which was later 
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solved analytically by Klett (1972). Then the more complex, steady-state, numerical solution of Hoppel and 
Phillips (1971) is discussed, especially because its contrast with that of Brown et al. (1971) emphasizes the 
essentially transient nature of real screening layers. To our knowledge, the fully time-dependent screening 
layer problem has never been solved, even in the simple geometry of our electrical-decay model. 


Brown et al. (1971) simplified the problem in such a way that it has a time-independent solution, which they 
found without actually solving for the complete, transient approach to this solution. They studied the screening 
layer that would form on the upper surface of a one-dimensional, horizontal cloud filling the lower half space 
due to an upward-directed electric field that was imposed on the system by a uniform, horizontal, positive- 
charge layer embedded deep within the cloud. To allow a time-independent solution, they assumed that the 
clear air in the other half space above this cloud was populated by a uniform concentration of negative small 
ions only, but that there were initially no such ions within the cloud. Positive ions, volume ionization, and 
recombination were neglected everywhere, as were ionic diffusion and air turbulence. The cloud was assumed 
to be composed of a uniform, monodisperse population of spherical particles, and coalescence, sedimentation, 
etc. were also neglected. Naturally they took account of the charge on droplets and, in particular, its influence 
on their charging rate due to field-driven attachment. 


Under the assumptions of Brown et al. (1971), the electric field outside the cloud is initially the same as that 
inside but decays exponentially with a time constant equal to the electrical relaxation time of the clear air, 

Te = &ol(e(k.n. + k.n)], where the expression in square brackets is the total conductivity, the subscripts refer to 
the negative and positive polarities of ions, respectively, and n. = 0 in this case. [This time decay must also be 
true in almost any conceivable case with sufficient symmetry, including the model of Hoppel and Phillips 
(1971) described below, as long as it is applied outside the electrode layer.] Klett (1972) solved explicitly for 
the time dependence of the transient solution of this model and showed that the thickness of the eventual 
electrode layer is h = 1.34/[A.(d)N(d)], when converted into our notation, in the sense that 63% of the 
screening layer charge lies within h of the cloud surface. All droplets within 1/[4A.(d)N(d)] are 'saturated' in 
the sense that they carry the maximum charge to which field-driven attachment can charge them in the initial 
field. 


The screening-layer model of Hoppel and Phillips (1971), and especially its results, are very different from the 
above. Since neither group was apparently aware of the other's work at the time of writing, there is no 
discussion of these differences in the two papers. Hoppel and Phillips (1971) did not make as many 
simplifications, allowing both positive and negative ions, hence recombination, to exist both inside and outside 
the cloud and assuming a uniform ionization rate throughout. An electrode layer is therefore possible just 
outside the cloud boundary. Their cloud was also one-dimensional but of spherical geometry, with a central 
core that was initially taken as a conducting sphere that could receive negative ions and could not emit positive 
ions but that nevertheless carried a fixed positive net charge. [They later relaxed the restriction on emission of 
positive ions from the core, but we will not discuss those results here.] Other assumptions were similar to those 
of Brown et al. (1971), except that Hoppel and Phillips (1971) solved for the steady-state solution. Their 
results are undoubtedly correct but entirely unphysical from our point of view, since all of the screening-layer 
charge is concentrated around the central core in the steady state and there is little or no charge near the cloud 
boundary. Nevertheless, this steady-state solution teaches us some important lessons about screening layers, as 
pointed out by Hoppel and Phillips (1971). 


(1) Because the saturation charge on a droplet is proportional to the local electric-field magnitude (as well 
as depending on both local ion densities), and because the field at any point outside the central core 
decreases with time as negative ions drift into the cloud from the clear air, the presence of ionization 
and positive ions in the model of Hoppel and Phillips (1971) allows previously saturated droplets to be 
discharged over time. The result is a charge layer that begins on the cloud boundary but migrates 
inward with time until it ends up concentrated around the central core in the eventual steady state. 
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(2) Although the markedly different results of Brown et al. (1971) are undoubtedly much closer to the 
initial screening layer of interest to us, they are not time independent in reality but only transient. 
Depending primarily on the droplet size and concentration and on the ionization rate within the cloud, 
this transient solution may not be fully realized before the charge layer starts migrating inward. The 
electrical-relaxation-time scale inside the cloud, which depends on the field intensity but is generally 
much longer than t., somehow determines the rate at which this migration occurs. Since we have no 
complete, time-dependent solution to the problem, however, that migration rate is not known. 


(3) Since many other relevant time scales (such as that on which the cloud becomes charged, that on 
which an initial charge inside the cloud decays, which we call te below, or even that on which the 
cloud itself is formed or evaporates) may be comparable to or smaller than the time scale on which the 
charge-layer migration occurs, the steady-state solution of Hoppel and Phillips (1971) may never be 
relevant to real clouds. Therefore we will use the results of Klett (1972) in making screening layer 
estimates for our model of charge decay. 


In particular, for the present analysis to be valid, we require the screening layer thickness, h, to be much less 
than the cloud thickness, H; and t- must be small compared to the time scales of interest. The former will 
generally be true in thick and/or dense clouds (see also Equation 12 and the discussion following it), and the 
latter will be true (in high clouds such as anvils) whenever the field-decay time is long enough to become a 
cause for concern. If the screening layer thickness becomes comparable to, or larger than, the cloud thickness, 
however, the field-decay time will be significantly reduced. Thus, the neglect of this condition is conservative. 


Well developed screening layers are not observed at the boundaries of cumuliform clouds, presumably because 
of the mixing and entrainment that normally occurs there. They are believed to occur at the boundaries of 
nimbostratus clouds and of debris clouds after convective motions have subsided, and they have been observed 
on the surfaces of anvil clouds as mentioned above. 


A6.3 Sample Model Calculation 

Here we present an example of the numerical solution of Equation 3 (with Equation 4 inserted) for a dense 
anvil cloud that was penetrated during ABFM II at 210800 UT on 13 June 2000 at a flight altitude of 10.5 km. 
This case was chosen for illustration because it is typical of the high particle concentrations, field intensities, 
and radar returns that were encountered in well-developed anvils just downstream from the convective cores of 
their parent thunderstorms. [The spatial and temporal structure of this same anvil are discussed briefly in 
Section A7.1 of Appendix 7, "Physical and Statistical Basis for VAHIRR," and in detail by Dye et al. (2006).] 
Figure A6-1 gives the measured size distribution -- a composite of data from the FSSP, 2-DC, and HVPS 
instruments (Dye et al., 2006) -- integrated over about 3.5 km of flight track. Notice that this spectrum falls off 
roughly as d° over the bulk of its range. From this N(d) it is easy to calculate size spectra of the small-ion loss 
rates that are represented by the two terms on the right-hand side of Equation 2. Per unit small-ion density -- 
that is, with n(t) divided out -- the field-driven-attachment rate is shown in green and the diffusive-loss rate is 
shown in red in Figure A6-2, where we have taken k = 3.6 x 10% m’ V's"! scaled to 10.5 km altitude in 
inverse proportion to atmospheric density from the U.S. Standard Atmosphere (1976), and T = 225 K. To 
compute the field driven attachment rate, it is also necessary to assume an electric-field intensity. For that 
purpose we have computed the ‘transition field,' E, (see also Equation 10), at which the two loss rates, 
integrated over particle size, are equal -- 551 V m' in this case. (The only effect of changing the ambient field 
is to shift the green curve vertically in proportion to £.) In plotting the figure, each of these loss terms has been 
multiplied by the particle size, d, to compensate for the effect of the logarithmic horizontal axis. This 
weighting is convenient because larger magnitudes on the ordinate of the graph, per unit length along the 
(logarithmic) abscissa, make larger contributions to the total ion-loss rate. Also shown in blue in the figure for 
comparison is the size-weighted radar-reflectivity spectrum, computed as proportional to d°N(d) and scaled to 
similar peak amplitude. 
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Figure A6-1. Composite particle-size distribution in a dense anvil from the ABFM IT campaign 


Note: The size distribution is averaged over 30 s of flight time, equivalent to 3.5 km of distance. 


Three conclusions are immediately evident from Figure A6-2. First, the small particles (in the 10 um to 50 um 
size range) dominate the diffusive loss, dependent as it is on particle diameter through C, whereas the 
electrical-attachment loss in this example is dominated by the intermediate-size particles (0.2 mm to 2 mm in 
diameter) because of the dependence of A. on d’. Second, in spite of the logarithmic vertical axis (which spoils 
the equal-areas attribute of the d-weighting in Figure A6-2) it is obvious that the integrated electrical- 
attachment loss will dominate the integrated diffusive loss at field intensities much greater than E,. Third, the 
radar reflectivity is clearly due to the very largest particles -- much larger than those responsible for the 
diffusive, or even the electrical-attachment, loss. Because of the similarities in shape among measured size 
distributions in the denser anvils from our data set (Dye et al., 2006), these conclusions are generally valid. 
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Figure A6-2. Comparison of diffusive and electrical small-ion loss rates with radar reflectivity as 
functions of particle size 


Note: All data have been computed from the size distribution in Figure A6-1 and are size-weighted to 
facilitate intercomparision (see text). The electrical loss rate (at E = 551 V m’) is green, the diffusive loss 
rate is red, and the radar reflectivity (scaled to the same peak magnitude) is blue. 


The ionization rate in Equation 3 is primarily due to cosmic radiation at anvil altitudes and has been 
interpolated from the formula 


q(z) = 5.7x10° Exp[z/(6.06x10°)] (5) 


which is an adequate fit to the subtropical data of Hake et al. (1973, Figure 19) over the altitude range of 
interest. Solution of Equation 3 (with Equation 4 inserted and after integration over the size distribution in 
Figure A6-1) results in the field decay that is shown in Figure A6-3 (black curve), where the initial condition 
was arbitrarily taken as E(0) = 50 kV m'. Evidently the decay is linear at high fields, as first pointed out by 
Krehbiel (1969). The behavior at low fields is shown on expanded scales in Figure A6-4 (black curve), where 
the decay can be seen to become approximately exponential as diffusion becomes the dominant ion-loss 
mechanism. The gray line in both figures is an extrapolation of the initial linear decay to zero field, yielding an 
estimated electrical-decay time -- the intercept at E(tz) = 0 -- from 50 kV m' of tz = 6054 s. Note that this is 
more than 1¥2 hours -- comparable to the waiting times prescribed by the current LLCC -- but it is probably an 
extreme upper bound for anvil clouds far downwind from the parent storm, as we shall see later. The 
considerable separation between the black and gray traces in Figure A6-4 is a manifestation of the breadth of 
the particle-size distribution in Figure A6-1: As may be inferred from Figure A6-2, the smallest particles 
change over from predominantly field-driven attachment to predominantly diffusive attachment of small ions 
at moderately strong fields (~10 kV m''), whereas the very largest particles do not change over until low fields 
(a few times 10 V m'). 
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Figure A6-3. Model electric-field decay from 50 kV m"! 


Note: Numerical solution of Equation 3 (black) is for the size distribution of Figure A6-1. Extrapolation 
of initial linear slope (gray) overlays it at high fields. 
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Figure A6-4. Enlargement of final decay shown in Figure A6-3 


Note: Note that the extrapolation of the initial linear slope (gray) diverges significantly from the 
numerical solution (black) at moderate fields. 
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A6.4 Limiting Model Behavior 

Next we examine the limiting behavior of this simple model at high and at low field intensities. For any 
individual particle size, d, the condition for equal field-driven and diffusive ion-loss rates in Equation 2 can be 
identified by a value of unity for the dimensionless ratio, y = A-eg&sE/(CKT), which is essentially the same as 
Equation 5 of Klett (1971). When y » 1, we are in the ‘high-field limit,’ which is of most interest here. Solving 
(2) for the small-ion density in this limit, we find n(f) ~ g/[A-KNE(1)]. Thus, the conduction-current density in 
(1) takes on a constant value that is determined only by cloud properties, 


I(t) © Jo = 2eq/(AeN), E(t) >> E, (6) 


This happens because small ions are being 'swept out' by electrical attachment to cloud particles at a rate 
proportional to their drift velocity in the electric field. Solving (1) then yields linear field decay, 


E(t) = Eo - Jot/eo, E(t) >> E, (7) 
where Eo is an assumed initial field intensity. Thus an 'electrical-decay time scale' can be defined as 
TE = €0E0/Jo = EoAeoN/(2eq) (8) 


essentially the intercept of the straight line in Figure A6-3. When y « 1, on the other hand, we are in the 'low- 
field limit.' This limit results in exponential decay of E(7) with a ‘diffusive relaxation time’ 


tp = CKTN/(2e7q) (9) 


Obviously each of these time scales can be generalized to any given size distribution [M(d), A-(d), C(d)] by 
integrating the corresponding loss rate over d. The two limits are separated by the condition, y(E,) = 1, which 
can be solved for the transition field 


E, = CKT/(Aceéo) (10) 


(The general definition of E, was given earlier in terms of the two integrated loss rates.) tz is only meaningful 
when the field intensities of interest are much larger than £,, and neither of these times scales is valid unless it 
is much larger than the electrical relaxation time in clear air -- roughly 20s at 10 km altitude. 


From only the measured particle-size spectrum (either assuming spherical shape, as done here, or using an 
observed dependence of particle shape on size), absolute temperature, and flight altitude (from which the 
ambient ionization rate is estimated through Equation 5), it is possible to compute tz, E,, and tp versus time 
during anvil-cloud penetrations from Equations 7, 9, and 8, respectively. In the example case that was 
analyzed in detail in Section A6.3 above, for example, te = 5963 s, E,=551 V m", and tp = 66 s. (The minor 
difference from the previously mentioned value of tz results from the numerical-extrapolation method that was 
used in Figure A6-3.) The results of such calculations are compared with other data from ABFM II in Sections 
A6.5 and A6.6 below. 


Because of the form of A-(d) for spheres in Equation 4, we see that tz in (8) is directly proportional to the total 
cross-section area of cloud particles per unit volume. Thus tz is also directly proportional to the optical 


extinction coefficient 


K = n@2N/2 = 4eqtp/(3Eoso) (11) 
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in a cloud of spherical particles that are all much larger than the light wavelength of interest (e.g., Chylek, 
1978). The present model is only valid for an anvil much thicker than its screening layers. As discussed in the 
section on Screening Layers, Klett (1972) estimated the thickness of these layers as 


h = 1.34/(A.N) = 0.89/« (12) 


where the second equality comes from using (11) for spherical particles. Thus, the screening-layer thickness 
may be comparable to the unit optical depth, 1/x, in such a cloud. 


For the dense-anvil example that was discussed in Section A6.3 above, Equations 11 and 12 give h = 9.7 m, 
which is at least an order of magnitude smaller than measured screening-layer thicknesses for anvils. This 
large disagreement is presumed due to some combination of several factors: a) Turbulent mixing and 
sedimentation, which were neglected in the theoretical calculation, would tend to increase the thickness. 

b) The time evolution of the theoretical screening layer toward a steady state (as discussed in the previous 
section) would tend to displace the layer inward from the cloud boundary and perhaps also thicken it. 

c) Probably most important, however, the example in Section A6.3 is for the interior of a particularly dense 
anvil. Particle spectra more characteristic of the upper and lower boundaries of even such a well-developed 
anvil would be expected to predict much shorter electrical-decay time scales and correspondingly thicker 
screening layers. Therefore, we should be careful in applying our electrical-decay model even to stratiform 
clouds thinner than a kilometer or so. 


A6.5 Statistics of the Electrical-Decay Time Scale 

The ABFM II dataset was parsed into a total of 79 passes through 29 different anvil clouds in various stages of 
development or decay (Dye et al., 2006). Within these anvil passes, the microphysical, electric-field, and radar 
observations were averaged over 30 s intervals (about 3.5 km of usually horizontal flight track) for further 
analysis. Here we examine only the resulting relationships (a) between tz and the particle concentration in one 
specific size range, (b) between tz and the electric-field magnitude, and (c) between the local radar reflectivity 
and the electric-field magnitude. 


The particle data were summed over several size ranges -- approximately 3 um to 55 um diameter from the 
FSSP, 100 um to 200 um from the 2-DC, 200 um to 1000 um from the 2-DC, >1000 um from the 2-DC 
(estimated from the reconstruction of 'cropped' images of particles up to about 4000 um), and >1000 um from 
the HVPS (which did not operate reliably during most of the year 2000 campaign) -- for comparison to other 
parameters. Of these, the best correlation was found between zz and the 200 um to 1000 um particle 
concentration. This is to be expected from the d* dependence of A. and from the nature of the size distributions 
that were found generally in anvil clouds (Dye et al., 2006), as mentioned above in connection with Figure A6- 
2. Figure A6-5 displays the log-log scatter-gram of all 2111, 30s intervals for which the aircraft was flying 
inside an anvil and both particle spectra and electric-field measurements were available, yielding a linear 
correlation coefficient between the logarithms of these two parameters of 0.87 -- significantly different from 
zero at a very high confidence level, given the large number of samples. 
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Figure A6-5. Scattergram of ‘electrical decay time scale,' tz, vs. particle concentration from the ABFM 
II campaign 


Note: Particle concentrations are summed over the 200 pm to 1000 pm size range from the 2-DC probe. 
All possible 30 s samples inside anvil clouds are plotted. The regression line is shown, as are the number 
of samples and correlation coefficient. (#/1) stands for the number of particles per liter of cloudy air. 


The comparable log-log scatter-gram of tz vs. electric-field magnitude is shown in Figure A6-6 for the same 
set of 2111 samples. Here the linear correlation coefficient between the logarithms is 0.71 -- again highly 
statistically significant. Of more interest than the correlation, however, are two other characteristics of this 
distribution. First, there is a clear indication here of ‘threshold behavior,’ with relatively few points in the lower 
right quadrant: Only 53 samples out of the 2111 have tz < 1000 s but |E| > 2 kV m'. We term these cases 
‘violators,’ in the sense that they might be inferred to violate the model prediction that high fields cannot be 
sustained by anvil clouds with short electrical-decay time scales. Second, there is an obvious change in 
character (a 'knee’) in the distribution near the point, (|E| = 1 kV m', tz = 1500 s), such that |E| and tz seem 
relatively independent below this knee, whereas tg seems to rise slowly with |E| above it. Such behavior 
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suggests that different physical processes might be operating above and below that point, but see further 
discussion of similar knees by Dye et al. (2006). 
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Figure A6-6. As in Figure A6-5, except zz vs. the magnitude of electric field, |E| 


No conflict with the model is posed, of course, by samples with long tz but low |E]|, such as those to the upper 
left of the knee in Figure A6-6. Either there were never significant fields in these cloud volumes, or any such 
fields that were there had decayed away before the arrival of the aircraft. In fact, this mechanism can explain 
all of the points in the left half of the scatter-gram. 


The violators identified above might not actually violate the model either. It is possible that nearby lightning 
and/or convection from nearby active cores is pumping charge into the anvils in question faster than it can be 
neutralized by conduction. It is also possible that a weak local electrification mechanism, such as might be 
associated with melting precipitation at lower altitudes in the cloud, is operating. [The likelihood of such a 
mechanism in at least certain cases is discussed by Dye and Willett (2007)]. To test these ideas, we filtered the 
dataset to eliminate samples in which (a) there were either LDAR sources or cloud-to-ground lightning strikes 
[see Dye et al. (2006)] within 20 km during the previous 5 minutes, (b) the aircraft was within 20 km of a 
convective core having a radar reflectivity greater than 40 dBZ at 4 km altitude, or (c) either low-altitude radar 
returns beneath a well-defined anvil base might signify falling precipitation or the radar base itself was below 
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5 km (the nominal 0 °C level in summertime Florida). This filtering still leaves 22 violators out of 1090 


samples -- certainly not a dramatic improvement. Nevertheless, tz < 1000 s seems to be a fair predictor of low 
Iz. 


For comparison with Figure A6-6, we show the log-log scatter-gram of local radar reflectivity (for those 1771 
samples in which it is available) vs. electric-field magnitude in Figure A6-7. In order to approximate the cloud 
volume sampled for the 30 s average field, while also minimizing the effects of noise, scan gaps, and 
propagation anomalies, we used the radar reflectivity averaged (in dBZ) over a 3 km cube centered on the 
aircraft track, R3, and we ignored samples for which fewer than 16 of the 27 1-km‘’ cells in this volume 
contained valid radar data. The linear correlation coefficient between logarithms here is 0.64, again highly 
significant. 


= N N W 
ol [o) Ol Oo 


(3kmX3kmX3km) Average Radar Return (dBZ) 
rs) 


-10 
10 100 1000 10000 100000 
Field Magnitude (V/m) 


Figure A6-7. As in Figure A6-5, except (3 km)? average radar reflectivity vs. |E| 
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Notice that the character of the distributions in Figures A6-6 and A6-7 is similar. Although showing more 
scatter and a somewhat lower correlation coefficient, Figure A6-7 also exhibits threshold behavior, with 
samples tending to avoid the lower right quadrant, and a diffuse knee centered around (|E| = 1.5 kV m', 

R3 = 12 dBZ). In fact, Bateman et al. (2005) and Dye et al. (2006) show that a larger-volume integral of radar 
reflectivity is an even better predictor of low electric-field intensity than is R3. 


A6.6 Case Studies of Electric-Field Decay 

In addition to the statistical comparison described above, we attempted to compare the predicted and observed 
decay of electric field inside individual anvil-cloud parcels that were penetrated by the aircraft. These case 
studies fall into two classes: 1) There were several storms in which the aircraft made multiple intersecting 
passes through the anvil while the electric-field intensity decreased from strong to weak (temporally, spatially, 
or both). In those cases it was attempted to identify the times when particular cloud parcels were apparently re- 
visited in order to determine the decay of measured field intensity over time. 2) In several more cases the 
aircraft arrived late in the anvil of a storm that had been producing lightning, after any fields had already 
decayed. In those cases it was assumed that the ambient field had been high either in the active core or at the 
time and location of the last lightning discharge (as indicated by LDAR sources), and the time of flight of 
these cloud parcel(s) to the aircraft location(s) was taken as an upper bound on the observed decay time. In 
each class, the observed decay times were then compared with corresponding model predictions from the 
available microphysical measurements. 


The fundamental difficulty with this approach is that an observed time for the field magnitude to decay from 
an initially large value to near zero can be either shorter or longer than the predicted decay time without 
invalidating the model. The observed time can be shorter than predicted because tz given by the model is 
inherently an upper bound, as described above. On the other hand, the observed time can be longer than 
predicted because the aircraft made its second or only pass through the parcel too late, thus overestimating the 
observed decay time, or in the case of only a single late measurement, because tz was underestimated due to 
the concurrent microphysical decay of the cloud. The only way to avoid this dilemma is to find pairs of visits 
to cloud parcels both of which have elevated fields, so that they imply definite decay times rather than just 
upper bounds. Unfortunately, we have been unable to reliably identify any such cases in the dataset; all 
candidates were discounted either because the wind velocity was not well enough known to accurately identify 
re-visits or because there was evidence of continued microphysical and/or radar development (and probable 
electrification) in the cloud, as shown by Dye and Willett (2007). A major difficulty in differentiating these 
two possibilities was that the wind measurements onboard the aircraft were often unusable at anvil altitudes, 
apparently due to icing of the pitot tubes (Tony Grainger, personal communication). 


The analysis of a small storm on June 14, 2000 (000614), our best case study for comparing the model with 
observations, is presented in detail here as an example of both classes of case study. Figure A6-8 shows the 
development of the anvil of interest from 2231 UT, when it was beginning to emerge at the 9 km level from a 
relatively new active core at {x = -90 km, y = -10 km}, until 2355 UT, when lightning had ended and the core 
had all but disappeared. In the left column of Figure A6-8 the aircraft was still flying in an earlier anvil, the 
middle column shows the second of five transverse passes across the anvil of interest, and the right column 
shows the final, upwind, longitudinal pass along the entire length of the then-dying anvil. On radar the motion 
of the tip of this cloud near the aircraft altitude of 9350 m appeared relatively constant toward 110 degrees at 
10.2 ms". The final longitudinal pass was along the reciprocal heading of 117 degrees, which appeared well 
aligned with the wind. 
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WSR74C 000614 


223040 223318 231530 231808 235222 235459 
Flight Level: 9 km Flight Level 9 km Flight Level: 9 km 


Figure A6-8. WSR-74C CAPPIs with lightning for a different storm from the NCAR website 


Note: LDAR lightning locations are shown by black pluses; CGLSS lightning locations are shown by 
red triangles; and the aircraft track is shown by red lines. See Dye and Willett (2007) for a more 
detailed description of these CAPPIs, showing radar reflectivity at three altitudes (vertically) at three 
times (horizontally) during the development of the anvil of interest, the tip of which was initially located 
at the red square in the upper-left panel. (The aircraft track shown in that panel is in an older anvil and 
is irrelevant to this discussion). 


Doppler data from the Melbourne NEXRAD, which was almost directly downwind from this anvil during its 
early development, suggest that the average wind speed was weaker at this altitude -- somewhere between 

5 ms! and 10 ms" with a considerable gradient, both from center to edge and especially from origin to tip. 
No wind-profiler data are available from KSC during the period of interest to help resolve this disagreement. 
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Because of the flight path, however, the longitudinal pass must have intersected all of the transverse passes 
within a few minutes. Therefore, the exact wind speed doesn't matter much in this case, as long as its direction 
is correct. 


First we consider the 'class 1' analysis of re-visits to certain cloud parcels in this storm. Based on the stated 
wind velocity, Figure A6-9 compares the actual (black) and ‘drifted’ (gray) aircraft tracks through the anvil on 
000614. (This drifted track was produced simply by offsetting each point on the actual track in the assumed 
upwind direction (290 degrees) by a distance equal to the assumed wind speed (10.2 ms!) multiplied by the 
elapsed time since track origin.) Intersections between four of the five transverse (N-S) passes and the 
longitudinal (SE-NW) pass are obvious on the gray track, as are several other intersections that are more 
dependent on the exact wind speed. The drifted track was used to identify the seven in-anvil intersection points 
listed in Table A6-1, which are numbered correspondingly on the figure. (The first of the transverse passes is 
not included here because it was too close to the storm core and was not considered to be in anvil.) 


Aircraft Track --- 000614 [225930 - 235850] 
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X (km) 
Figure A6-9. Actual (black) and 'drifted"' (gray) aircraft tracks for the case shown in Figure A6-8 
Note: The tracks are plotted on the KSC X-Y grid for the indicated time interval on 000614. Relative to 


the actual track only, (0,0) is the location of the Patrick AFB WSR-74C radar. The starting point is 
where the two tracks coincide at 225930. The ending points at 235850 are indicated on the two tracks, 
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and arrows show the direction of flight throughout. The over-plotted symbols indicate presumed parcel 
re-visits — see text. 


Inter- Initial Visit Re-Visit 
section # UT. |E| UT. 
(hhmmss) : (hhmmss) 


230130 232240 
231630 235000 


232350 234820 
233050 235130 
233230 233710 
233840 235200 
235510 235850 


Table A6-1. Re-visit analysis for anvil 000614 (see text) 


The electrical-decay time scale, which has been computed from local cloud-physical measurements, is not 
expected to remain constant during the interval between visits to a parcel of anvil air. For various reasons, 
probably including particle aggregation, sedimentation, and evaporation, tz was normally shorter at the re-visit 
time than at the initial time, as seen in Table A6-1. Therefore, the model-predicted field-decay times in the last 
two columns of the table have been computed using both of these presumed extreme values of tz. The flight 
time between visits is our only estimate of the actual decay time, which is expected to lie somewhere between 
the two predictions. In practice, however, the flight time may be either longer or shorter than these predictions 
for the reasons mentioned at the beginning of this section. Although it is not possible to prove the model's 
validity under these circumstances, we can develop confidence in it to the extent that the flight time is 
comparable to the predictions. 


Two types of intersections have been identified in Table A6-1. The longitudinal pass (2347 - 2356 UT) must 
have actually intersected parcels that had been measured initially during three of the five transverse passes at 
about 231630 UT (Intersection 2), 233050 (4), and 233840 (6). These intersections are shaded in gray in the 
table and indicated with solid symbols in Figure A6-9. The other intersections in Table A6-1 (1, 3, 5, and 7, 
shown with open symbols in the figure) are more problematic, since they depend on an accurate knowledge of 
the wind speed. Perhaps coincidentally, there were no significant initial fields to decay in the odd-numbered 
intersections, most of which were on the fringes of the anvil, so further attention is confined to the three even- 
numbered (shaded) ones. In each of these cases the observed decay times appear reasonably consistent with 
the model predictions. For example, the initial field magnitude of almost 39 kV m' at Intersection 2 has 
decayed to only 2 kV m' after about 2000 s. The latter field can be considered small enough to be near zero, 
however, so it should not be too surprising that the model predicts a shorter decay time for this revisit. 


We can loosen up this analysis as follows to better allow for uncertainty in the wind speed: The intersections 
in the three transverse passes of interest (2, 4, and 6 in Table A6-1) were very near the center of the anvil, 
based on time series of tz, R3, and |E]. Since the longitudinal pass 5 was essentially parallel to the anvil motion, 
we can assume that the intersection times on the earlier transverse passes are approximately correct, even if we 
cannot exactly predict the corresponding intersection times on the longitudinal pass because of uncertainties in 
the wind speed. Thus, it seems reasonable to take the maximum rz and |&| (not necessarily at the same point) 
from each transverse pass as our initial conditions to predict our upper bound, "Decay Time 1." Since the field 
magnitude on the longitudinal pass did not exceed about 2.1 kV m'! (30 s average), we can assume that the 
anvil charge had fully decayed by the time of this pass; and we also take the maximum electrical-decay time 
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scale encountered on that pass, te = 1350 s, to predict our lower bound, "Decay Time 2." This approach yields 
Table A6-2 and more evident agreement between model and observation. 


Intersection # Initial |E| Flight Time | Decay Time 1 | Decay Time 2 
(s) (kV m") (s) (s) (s) 


2594 2010 1997 1040 


3155 1240 2101 399 
P2380 800 995 564 


Table A6-2. Relaxed re-visit analysis for anvil 000614 (see text) 


Next we consider the 'class 2' analysis of other anvil passes in this storm for which explicit parcel revisits are 
not available. The relatively-far-down-wind transverse pass that initiated the problematic Intersection 3 in 
Table A6-1 and Figure A6-9 yields the most informative example, since there is a further-up-wind transverse 
pass with which to compare it -- the pass that initiated Intersection 2. The maximum |E| on the transverse pass 
of Intersection 3 was only 1.5 kV m' (essentially zero), and the maximum tz was 1444 s, whereas the 
corresponding maxima on the transverse pass of Intersection 2 (38.5 kV m' and 2594 s) have already been 
given in Table A6-2. If we assume the anvil to have been in a steady state (with both particle concentration 
and field magnitude decaying downwind but remaining constant in time at each location) during parcel drift 
between these two transverse passes, we can both estimate a transit time between these two locations and place 
bounds on the model-predicted decay time. Using our estimated wind speed, 10.2 ms", and direction, toward 
110 degrees, a cloud-parcel should transit the geometrical distance of 18.5 km between corresponding points 
on the two transverse passes in 1814 s. Table A6-2 gives an upper model decay time from the pass of 
Intersection 2, 1997 s, whereas a lower decay time, based on the maximum 7¢ of 1444 s on the pass of 
Intersection 3, is 1111 s (not shown). These two bounds bracket the presumed transit time nicely. 


A more typical (and less precise) class 2 analysis goes as follows: The last LDAR source in the core of this 
storm occurred during the WSR-74C radar scan that ended at 2334 UT. Thus, at least 965 s elapsed until the 
peak field of 2.1 kV m' was penetrated during the longitudinal pass, although the A/C did not make its closest 
approach to the old core until about 2357 UT, at least 1385 s after this last LDAR source. As mentioned above, 
the maximum tz that was measured on this longitudinal pass was 1350 s, although a larger maximum of 1701 s 
was encountered at 235900-235930, just after the end of the final right turn in Figure A6-9 and during a 
descent to 8.0 km altitude. The range of transit times, >965 s to >1385 s, is not obviously inconsistent with the 
late measurements of tz, 1350 s to 1701 s, where we are effectively assuming that the initial field (at the time 
of the last LDAR source) was 50 kV mt. 


Reasonably credible class 1 analyses are also available from a storm on 010615, and additional class 2 
analyses can be obtained both from that storm and from another on 010527. All of these results are 
summarized graphically in Figure A6-10, which shows the bounds of model-predicted decay time (or only a 
single estimate for some of the class 2 analyses) for each observed flight-time estimate. 
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Figure A6-10. Reasonably credible estimates of model decay time vs. parcel flight time 


Note: Model-predicted electrical-decay time is plotted against aircraft-estimated parcel-flight time. In 
most cases both upper and lower bounds are available for the model estimates, as in Table A6-2 (see 
text). 


A6.7 Discussion and Conclusions from Model Studies 

In summary, a simple but physically reasonable model describes the decay of electric field by non-linear 
conduction in a quiescent cloud with one-dimensional geometry. A high-field limit is defined in which the 
field decay is linear with time and can be quite slow in comparison not only to that in clear air at the same 
altitude, but also to that in the diffusively reduced conductivity at low field intensities in the same cloud. An 
example is computed, placing an upper bound of more than 1% hours on the time required for the field to 
decay from 50 kV m' to near zero in a real thunderstorm anvil, assuming that the particle concentrations 
remain high. 


Since this model should apply reasonably well to anvil clouds, it is somewhat puzzling that the observed 


relationship between tz and |E| has as much scatter as is shown in Figure A6-6. It was pointed out above that 
either late arrival of the aircraft or lack of initial electrification can explain leftward scatter (toward low 
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electric field) in this graph. It was also argued that nearby lightning or convective cores might transfer charge 
into anvils faster than it could be dissipated by conduction, thus creating rightward scatter (toward high field). 
Filtering the data in a way that should remove most of the latter cases had little effect, however, suggesting 
that this may not be the only reason for any rightward scatter. 


It is also disappointing that we were unable to conclusively validate (or invalidate) the model through the 
analysis of case studies. In retrospect this is not surprising, since the dataset afforded few, if any, clear-cut 
examples of revisits to specific cloud parcels in initially electrified anvils before the fields had completely 
decayed away. 


Nevertheless, the use of this model during ABFM II data analysis helped investigators to focus on two 
important conclusions about electrified anvils in Florida thunderstorms (see Section A7.1 of Appendix 7, 
"Physical and Statistical Basis for VAHIRR" and Section A4.0 of Appendix 4, "Electrical Aspects of 
Stratiform Clouds"). First, Dye et al. (2006) have shown that, during any given anvil pass, the number 
densities of particles in the various size ranges (hence, tz) generally increase and decrease slowly and steadily, 
whereas the electric-field magnitude tends to increase and decrease rapidly and abruptly. These abrupt field 
increases and decreases also tend to occur within the same broad range of particle concentrations from cloud to 
cloud, producing the pronounced knee in the scatter-gram of tz vs. |E|, Figure A6-6. 


Although this observation explains the existence of the knee, however, it does not explain why this knee 
occurs near (|E|= 1 kV m", te = 1500 s). It merely transfers the mystery back to the unexpectedly abrupt 
changes in electric field. The only aspect of the theory described herein that suggests this sort of threshold 
behavior is the physical change from predominantly diffusive to predominantly field-driven small-ion loss 
around the transition field, E,. This model parameter has a median value of only 469 V m’ in the set of 2111 
samples used in Figure A6-6, however, and it very seldom becomes as large as 1 kV m'. Therefore this does 
not seem a convincing explanation. 


A slight generalization of the present model has been used in an effort to duplicate the abrupt field change that 
was observed between 1851 UT and 1855 UT on 24 June 2001 (Dye et al., 2006, Figure 8). This case is 
particularly amenable to model analysis because the aircraft flew 28 km almost directly upwind from the 
extreme end of a large anvil toward the convective core during this brief interval. If we assume that the anvil 
structure remained in an approximate steady state during the time it took for a cloud parcel to travel between 
the end points of this pass (about 25 minutes at the estimated drift speed of 19 m s"'), then we can deduce the 
decay of particle concentration and electric field with time in this parcel from the gradients of these quantities 
that were measured along the aircraft track. Thus we avoid the unphysical assumption that tz was constant and 
uniform throughout the model anvil, using instead the particle spectra actually observed in each segment of the 
aircraft track. 


The values of tz calculated from 30-second-average particle spectra beginning at 1851 UT, 1852 UT, 

1853 UT, and 1854 UT are 973 s, 1962 s, 4209 s, and 11512 s, respectively. Evidently the rate of field decay is 
predicted to increase dramatically from the dense part of the anvil towards its downwind tip. It was hoped that 
this rapid change in the decay rate would help to explain the abrupt decrease in field magnitude that was 
observed over the same interval. In order to better test this idea, we re-computed the particle-size spectra 
(hence, tz) in 10 s averages, corresponding to the resolution of the available electric-field measurements. We 
then used the model to calculate the incremental decay of electric field during each successive drift interval 
(about 60 s for the parcel to cover the roughly 1100 m traveled by the aircraft in 10 s), as the cloud parcel 
moved downwind from the location of the aircraft at 185510 UT to its location at 185100 UT. This model field 
decay is compared with that observed by the aircraft over the same interval in Figure A6-11. 
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Figure A6-11. Observed vs. calculated field decay downwind for another case from the ABFM II dataset 
(see text) 


Note: The observed decay of electric-field magnitude (black diamond) is compared to the field decay 
calculated from the model (gray triangle) versus distance for the 185100 UT to 185510 UT along-axis 
penetration on 24 June 2001. 


Although the field in the model decayed from about 38 kV m'! to 12 kV m', this decay is not as much as the 
observed decrease in field. Furthermore, the model did not reproduce the rapid decrease in observed field 
between 8 km and 10 km downwind distance in Figure A6-11. Even considering the observed decreasing 
particle concentrations, the model apparently cannot account for abrupt decreases in field magnitude such as 
that seen in the observations for 24 June 2001. For this reason, Dye et al. (2006) concluded that the abrupt 
increases and decreases in electric field may be because the charge advection from the storm core did not 
occur across the entire breadth of the anvil and was not constant in time. 


The second important conclusion that was influenced by the present modeling can be found in Dye and Willett 
(2007). During the search for suitable case studies against which to validate the model, it was noticed that the 
later stages of two long-lived anvils, 13 June 2000 and 4 June 2001, offered numerous probable parcel re- 
visits. Analysis of these cases, however, indicated that the electric-field magnitude often increased between 
visits to what were believed to be the same parcels. More careful scrutiny indicated that tz, the particle 
concentrations in various size ranges, and sometimes even the radar reflectivity also increased between these 
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re-visits. Obviously either the estimated parcel-drift velocities were wrong or we were not dealing with passive 
anvil decay in these two cases. This and other observations eventually led to the conclusion that a weak 
updraft was probably acting and that one or more weak electrification mechanisms were almost certainly at 
work in these and other cases of what we call ‘anvil enhancement’ (see Section A4.0 of Appendix 4, "Electrical 
Aspects of Stratiform Clouds"). 


Taken together, Dye et al. (2006), Dye and Willett (2007), and the present model analysis indicate that the 
anvils produced by Florida thunderstorms are more complex and interesting than we originally thought. In 
spite of the large, incompletely explained scatter in Figure A6-6, we conclude that that short electrical decay 
time is a fairly good predictor of low electric field in these clouds. Although the lack of an ideal dataset made 
our efforts to test the model against individual case studies generally inconclusive, Figure A6-10 strongly 
suggests a real relationship between t¢ and the actual decay of electric fields in anvil clouds. Having found no 
clear violations of the model, we suggest that it is deserving of credibility pending further investigation. 
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Appendix 7. Physical and Statistical Basis for VAHIRR 


A7.1 Physical Basis for VAHIRR 

Very early examination of different anvil or debris cases of the ABFM II data set showed that when the 
Citation flew from regions with radar reflectivity less than approximately 10 dBZ into regions with greater 
reflectivity, the in-situ electric field increased abruptly to thunderstorm strength fields. An example of this is 
shown in Figure A7-1 below. 


ABFM June 13. 2000 Top Panel: Time history of 
: particle concentrations 


measured by the following 
instruments: 

PMS FSSP (1 to 48 pm), light, 
solid line = total conc. on right 
scale; 

PMS 2D-C (30 um to ~3 mm), 
bold line = total conc., dashed 
-” line = conc. >1 mm on left 

° scale; 

. PMS 1D-C (15 to 960 pm), 

s dotted line = total conc. on left 
scale. 


000613 210000 211000 NEXRAD 


-_ = —-_ = 
o 2 o.hU€8 
e - «© 


@/ I)E— ) 


Conc(#/ 1) ¢. 1D tet) 
FSSP Cone 


(Mums 2D tot —-- 2D>1mnp 


Middle panel: Radar 
reflectivity curtain above and 
below the aircraft from 
NEXRAD radar at Melbourne 
FL, bold line = aircraft altitude. 


mums Altitude (kim) 


BASSES“ 


e 3 
oc 63 


MEmag (kV / m 


Bottom panel: Vertical 
component of the electric field, 
Ez, light line on a linear scale 
O1 | on the left, and the resultant 
vector field, Emag, bold line on 
a log scale on the right. 


mes MEZ (KV / mm 
—=- KEZ (KV / m) 


Figure A7-1. Microphysics, electric field, and radar data along a sample aircraft pass 
Note: Adapted from Dye et al. (2006a). 


Although strong electric fields were associated with regions of higher radar reflectivity, there were occasions 
during which the reflectivity at the position of the aircraft was relatively weak but for which the electric field 
was > 3 kV m'. On these occasions it was found that the reflectivity a couple of kilometers from the aircraft 
was much stronger. As a result the ABFM II team examined averages of radar reflectivity over different 
volumes centered on the aircraft horizontal position. The rationale was that a reflectivity measurement 
averaged over a larger volume would have the following advantage: If substantial charge existed nearby, but 
not at the aircraft position, the average would include nearby regions of higher reflectivity and give warning of 
nearby charge. This proved to be a good approach and the one upon which VAHIRR is based. 
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The radar reflectivity values used for calculating volume averages and cloud thickness (discussed below) and 
for all ABFM II analyses are based on interpolation and gridding of the measurements from radar coordinates 
of elevation and azimuth onto a 1 km horizontal and vertical grid. See Dye et al. (2004, Appendix D) for 
additional information. In calculating the volume averages and thickness, only grid points containing 
measureable meteorological reflectivity above a detection limit were used. The ABFM II team explored using 
two different cutoff values of the measured reflectivity at each grid point, -10 dBZ and 0 dBZ. In Figure A7-2 
the plot of AVG 11x11 uses a cutoff of 0 dBZ, while the plots of AVG 21x21 and AvgCube3x3 use a cutoff 
of -10 dBZ. There was considerable discussion of which cutoff would be best. Proponents for a cutoff 

of -10 dBZ felt that excluding points with values lower than 0 dBZ statistically biases determinations of 
parameters such as thickness and average reflectivity and has no physical basis. Others argued that a -10 dBZ 
cutoff dilutes the signal in our reflectivity parameter and its ability to detect regions of stronger electric fields 
and also that, in the absence of visual observations, the cloud edge has been defined in the LLCC to be 0 dBZ. 
Analysis using receiver operating characteristic curves shows that a reflectivity cutoff of 0 dBZ, instead 

of -10 dBZ, gives a higher probability of detection with fewer false alarms. Additionally, an extreme value 
analysis performed on the ABFM II anvil data set by Harry Koons (unpublished, but see summary below) 
showed that a cutoff of 0 dBZ performed as well as -10 dBZ. After considering these factors it was decided to 
use a 0 dBZ cutoff for the calculation of VAHIRR described below. 


Examples of scatter plots from the ABFM II anvil data set of the magnitude of the electric field (Emag) versus 
the arithmetic average (in dBZ) of radar reflectivity within volumes of three different sizes are shown in 
Figure A7-2. The upper left plot (with ordinate label AVG 11x11) shows the average radar reflectivity 
calculated for an 11x11 km area extending horizontally 5 km in the N, S, W and E directions from the 1 km 
wide grid point containing the aircraft position and a cutoff of reflectivity of 0 dBZ in calculating the average. 
The lower left plot (with ordinate label AVG 21x21) is similar except the volume average is calculated over a 
horizontal area of 21x21 km extending horizontally 10 km in the N, S, W and E directions from the 1 km wide 
grid point containing the aircraft position and a lower cutoff of reflectivity of -10 dBZ. In both of these plots 
the average extends vertically from 5 km (the approximate altitude of the 0 °C isotherm) to 20 km (always 
above the top of the cloud). The volume averages of reflectivity extend down to the 0 °C isotherm because 
there is much observational evidence that a charge separation mechanism and a layer of charge often occur 
near the O °C altitude level [see Appendix 4, "Electrical Aspects of Stratiform Clouds,” and Stolzenburg and 
Marshall (2008)]. 


The 11x11 km and 21x21 km averages with reflectivity cutoffs of 0 dBZ or -10 dBZ all follow very similar 
trends, with the 0 dBZ cutoff giving slightly greater volume averages. The results with both cutoffs show a 
reflectivity threshold of approximately 5 dBZ, below which the electric field was < 3 kV m'! as shown in the 
lower right quadrant of each of the plots. Since the results were similar for both averages, the team decided to 
use the 11x11 km average, which keeps the grid points used in the average closer to the flight track. (In the 
current LLCC this 11x11 km average is what is now termed “volume-averaged radar reflectivity” and the 
volume averaged is the “specified volume.””) A 3x3x3 km volume average centered on the aircraft position 
(i.e., only 1 km from the grid point containing the aircraft, both horizontally and vertically) was also 
investigated. The scatter plots revealed that when reflectivity was averaged over this smaller volume, a few of 
the data points in the lower-right quadrant had electric field magnitudes > 3 kV m'!. 
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Figure A7-2. Scattergrams of electric field magnitude (Emag) vs. four different radar-reflectivity 
parameters 


Note: Each plot, adapted from Dye et al. (2006b), shows a different reflectivity parameter versus field, 
computed from the ABFM IT measurements made in anvils (see text). Data points for which the aircraft 
was within 20km of reflectivity >35 dBZ at 4km altitude or greater or within +20 km of lightning within 
the last 5 min are not included. The total number of data points in each plot is shown in the top center of 
that plot. The numbers in the 4 quadrants of each plot show the number of points within that quadrant. 
The data set has been filtered to remove any points: 1) within the cone of silence above the radar; 2) for 
which the aircraft altitude was less than 5 km; or 3) for which attenuation of the radar measurements 
might have occurred. 
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A shortcoming of using only the volume averaged radar reflectivity for a radar based rule is that averaging the 
reflectivity within a volume or a single column does not take advantage of potentially important information 
on the depth of the anvil. A thin anvil can have the same average reflectivity as a much deeper anvil, but 
deeper anvils are believed to be more likely to contain charge for the following reasons: Larger thunderstorms 
generally are more active electrically and have more particle mass flux from the convective core. The greater 
mass flux generally produces a deeper anvil, and the stronger electrical activity supplies more charge for 
transport into this anvil. The upper right plot of Figure A7-2 (with ordinate label Vol Intg 11x11) shows a 
scatter plot of the magnitude of the electric field versus the product of the 11x11 volume average of 
reflectivity times the average thickness of the anvil. In the LLCC this parameter is now referred to as 

“V AHIRR (Volume Averaged Height Integrated Radar Reflectivity)” and is the product of the 11x11 
“Volume-Averaged Radar Reflectivity” and the 11x11 “Average Cloud Thickness.” This plot in Figure A7-2 
shows a trend of increasing magnitude of the electric field with increasing “VAHIRR” values unlike the 11x11 
“volume-averaged radar reflectivity” which shows little trend. VAHIRR also has a larger dynamic range. 


In order to have a meaningful number of points within the averaging volume, the ABFM II team developed the 
parameter FRAC, which is the number of grid points with measureable reflectivity (that is, reflectivity above 
the threshold) divided by the total number of possible points within the entire averaging volume. For the 

11x11 averaging volume the total number of points is 1815 -- (11x11x15, where 15 is the vertical extent of the 
volume, 20 km —5 km). Examination of some of the ABFM II data showed that a FRAC of > 0.05 (i.e. 5% of 
the total possible points) produced stable results. For the 11x11 average with a total number of grid points of 
1815, a FRAC of > 0.05 would require 91 points with measureable reflectivity. Measurement points are 
included in Figure A7-2 only if FRAC was greater than or equal to 0.05. Likewise, FRAC = 0.05 was used in 
the early statistical analyses which were done while exploring parameters for possible LLCC rule changes. In 
the statistical analysis of O’Brien and Waltershied (2008) upon which the LLCC rules for anvil and debris 
clouds are actually based, however, FRAC was increased to 0.1 (i.e. 10% of the points within the “specified 
volume must have measureable reflectivity > 0 dBZ). This requirement is specifically stated in the “VAHIRR 
Application Criteria”. 


During the preparation of this document we came across a report on the reanalysis of ABFM I measurements 
in thick clouds (ABFM I Analysis Team, 1996). Although the ABFM I findings discussed in the report’s four 
paragraphs were not considered during synthesis of ABFM II measurements and the development of 
VAHIRR, these ABFM I results give considerable additional rationale for a radar-based rule to identify clouds 
with potentially high electric fields. Figure A7-3 shows two plots of results from the ABFM I measurements in 
thick clouds. For this reanalysis the radar reflectivity values used a re-calibration of the PAFB WSR-74C radar 
by CSR Corporation and were gridded with 1x1 km horizontal resolution and 500 m vertical resolution. The 
electric-field measurements were averaged over the time that the aircraft was in each 1x1 km grid box, 
approximately 5 to 7 seconds, and VSROC ("Vertically Summed Reflectivity above 0 °C’’) is the sum of dBZ 
from 0 °C (~5 km) to -50 °C (~10 km) in the column containing the aircraft. The top plot in Figure A7-3 
(Figure 15 from the original report) shows VSROC averaged in the column within 1 nmi of the aircraft, and the 
bottom plot (Figure 16) shows VSROC averaged in the column within 5 nmi of the aircraft. 
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Figure A7-3. Scattergrams of averaged 'VSROC' vs. Emag 


Note: Adapted from ABFM I Analysis Team (1996). Figures 15 and 16 from the original report show 
the average VSROC within 1 nmi and within 5 nmi of the aircraft, respectively, as a function of the 


measured electric field (see text). 


Two important results are shown in Figure A7-3. First, as stated in the ABFM I report, “We noticed in our 
previous analysis that the electric field at the aircraft position depends on both the cloud at the aircraft and 
the cloud near the aircraft.” Stated differently, there were times when there were strong electric fields 

(> 3 kV m’) at the aircraft location even though VSROC averaged within 1 nmi of the aircraft was low (Figure 
15) — a finding similar to the finding from ABFM II (reported earlier in this Appendix) that at times strong 


fields were observed in weak local reflectivity. 
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The second important result is that, if VSROC was averaged within 5 nmi of the aircraft (Figure 16), then 
fields > ~3 kV m' occurred only with higher values of VSROC. As was found for the ABFM II observations in 
anvils and debris clouds, the ABFM I results in thick layer clouds also showed that, by averaging reflectivity 
over a larger area, the regions with higher electric fields were detected more reliably. As with VAHIRR from 
the ABFM II results, these ABFM I results show that there is a threshold value for VSROC (averaged over 

5 nmi) below which the measured fields are low. For VSROC (5 nmi) this threshold in Figure 16 appears to be 
approximately 50 dBZ. 


VAHIRR and VSROC (5 nmi) are similar in that they both include an average of reflectivity over a moderate 
horizontal area and they both also account for the vertical thickness of the cloud. For VAHIRR the volume 
average of reflectivity is multiplied by the average thickness of the anvil, whereas for VSROC the horizontal 
averages of reflectivity are summed vertically. It is important to note that VAHIRR was developed and based 
on ABFM II measurements in anvils and debris clouds, whereas the results on VSROC from ABFM I are from 
measurements in thick clouds. When the LAP was considering the ABFM I results for thick clouds, they felt 
that the VSROC approach was promising but that there were too many questions regarding the absolute 
calibration of the radar. Therefore the LAP has not proceeded with a radar-based exception to the "Thick 
Cloud Layers" Rule. 


A7.2 Statistical Basis for VAHIRR 

Review of Koons’ Analysis. An unpublished analysis of VAHIRR by Dr. H. Koons provided the initial 
rationale for the VAHIRR criteria. Because Dr. Koons did not prepare a complete report prior to his 
unexpected passing, the following is an approximate reconstruction from presentations Dr. Koons provided to 
the LAP and informal discussions as remembered by Dr. O’Brien. Dr. Koons performed extreme value 
analysis of VAHIRR in anvil clouds using two techniques: peaks-over-threshold (POT) and maximum out of 
blocks (MAX) (Reiss and Thomas, 2001). In the MAX analysis, the largest value from each cloud was taken 
as a single sample, and an ensemble of samples was selected from clouds with various VAHIRR values. The 
ensemble of maxima is then fit to a Generalized Extreme Value distribution. In the POT analysis, the k largest 
values from the original time series data were taken and fit to a Generalized Pareto Distribution. In both 
analyses, the data were pre-selected in 10 dBZ-km bins centered on a VAHIRR value of interest. The final 
recommendation appears to be based on POT analysis of the 10 dbZ-km bin (spanning from 5 to 15): “All 
electric fields for (NEXRAD VAHIRR and WSR-74C VAHIRR with a 0 dBZ cutoff) below T-Samples of 
1,000,000 are below 3.0 kV m'!.” The interpretation of this conclusion is as follows: based on the POT 
analysis, the largest electric field expected in T = 1,000,000 samples is 3.0 kV m'. T represents the estimated 
number of launches between lightning strikes to the vehicle. Tis calculated as k/(N*p), where N is the original 
sample size from which the largest k points were taken, and p is the tail probability level computed from the 
Generalized Pareto Distribution W,: 


p(s)=1-w,( 4] 


oO 
W, (x) =1-+ yxy” 


One solves for x7, the value of x (the electric field), for a given T, with uw, o, and y known (after the fit). 


Ed 
NT 
-1 
Xp =H+OowW, (1-p,) 


Pr 


One of the challenges when using the POT method is the selection of k. The software accompanying the Reiss 
and Thomas book apparently provided an automated selection algorithm for k, and Dr. Koons also performed 
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his own manual selection. Part-way through his analysis, Dr. Koons inadvertently defined T= 1/p, and he 
never fully expunged that error from his analysis. In the final analysis, at the T=1,000,000 level, that rarely 
made a difference of more than 1% in the computed electric field; however, in some preliminary analysis 
(2 dBZ-km bins), it could make a difference of 10% (~200 V m’). 


Final VAHIRR analysis by O’Brien. The extension of the anvil VAHIRR criteria to debris clouds is 
documented in O’Brien and Walterschied (2008). However, the discussion here includes subsequent analysis 
requested by the LAP. Specifically, the debris cloud analysis described in O’Brien and Walterscheid (2008) 
was applied to the anvil clouds, and subsequent adjustments to the analysis algorithms were applied to both 
debris and anvil clouds to maintain consistency. We note that the need for a consistent analysis between the 
small debris cloud data set and the considerably larger anvil cloud data set prevented the use of extreme value 
analysis as in Dr. Koons’ efforts. On the other hand, the uncertainty surrounding the selection of & in the POT 
method is removed: all the data are used. 


The new analysis is as follows: 


(1) Select one of two sets of clouds: debris or anvil 

(2) Select only those raw time points meeting a set of filtering criteria (given below) 

(3) Further select only those points with VAHIRR between 0 dBZ-km and 20 dBZ-km 

(4) Fit the selected points to a Weibull distribution in electric field magnitude using the maximum 
likelihood method 

(5) Scale the error covariance for the Weibull parameters by 10 to account for serial correlation. 

(6) Evaluate the Weibull tail probability at 3 kV m', 4kV m', and 5 kV m’ electric fields, along with the 
95% confidence bounds from the parameter error covariance 


For more explanation of the jargon herein, the reader is referred to Dye et al. [2004]: The filtering criteria 
applied to the “merged files” ABFM II database are summarized as: 
e cloud_type in ABFM “merged files” database: 
o Debris: 20 
o All Anvils: 10, 9, 8, 6, and 4 [category 4 includes anvils with bases below 5 km] 
NOT (atten_74c > 1) [exclude radar attenuation at WSR-74C] 
NOT (core_20km > 1) [exclude aircraft near convective core] 
NOT (invoid_74c > 1) [exclude aircraft in radar cone of silence] 
NOT (Idarm5 > 2) [exclude 2 or more LDAR lightning flashes in previous 5 minutes] 
NOT (cgm5 > 1) [exclude 1 or more cloud-ground flashes in previous 5 minutes] 
fracl1x11_0 = 0.1 [exclude <10% of the averaging volume contains reflectivity above threshold] 


Additionally: 
e We use the “NOT” criterion so that NaN’s (not-a-number) are treated as zeros 
e We used only radar grid 1 (files with G1 in the name) 
e We selected by radar 
o NEXRAD 
o =WSR-74C 
o Combined 
= Combined after filters are applied 
= Use only the NEXRAD radar for flights during which both radars were active. 


We explored variations on the filter criteria. Specifically, we tried ignoring the core_20km condition, and we 


tried ignoring the cgm5 and Idarm5 conditions to see if that would result in appreciably larger sample sizes (it 
did not). We also explored different binning strategies. We settled on the 0 to 20 dBZ-km bin because it 
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provides for a larger sample size while being conservative relative to the VAHIRR<10 dBZ-km threshold. In 
addition, scatter plots of electric field strength versus VAHIRR reveal little trend in the electric field for 
VAHIRR from 0 dBZ-km to ~20 dBZ-km. 


The Weibull probability that an electric field exceeds F is given by 
P(E) =expL(E/E,) | 


The maximum likelihood fitting process produces estimates of the distribution parameters Eo and c, along with 
a parameter error covariance matrix. In O’Brien and Walterscheid (2008), we used a 1:10 decimation scheme 
to account for serial correlation. In the new analysis, we used all the data to obtain Eo and c, but then we 
multiplied the parameter error covariance matrix by 10 to account for serial correlation 1:10. 


Figures A7-4 and A7-5 show the results for the fitting procedure, along with the tail probability for 

E=3 kV m'. One can see that the Weibull is a good choice for the distribution of electric field. The debris 
clouds are clearly safe at the 0.01% (1E-4) level for 3 kV m' threshold, although the upper confidence value 
implies that additional ABFM data would be helpful (we will see shortly that this is not, in fact, necessary). 
Three points taken fromWSR-74C for a flight on 6/28/2000 do not lie close to the Weibull fit. For two reasons, 
we dismiss the poor fit to these points: first, with serially correlated data, the appropriate vertical location at 
which to plot the points is very uncertain (> 100%), especially for the largest points in the distribution; second, 
the points were all taken for conditions of VAHIRR ~ 15 dBZ-km, for which the VAHIRR < 10 dBZ-km rule 
would disallow launch. The anvil clouds are safe at the 0.03% level for a threshold of 3 kV m'. Because the 
range provided a safety value of 1 strike in 10,000 launches, we must dig deeper to determine whether anvil 
clouds are, in fact, safe. In particular, we must consider that the 3 kV m’! threshold already includes 
considerable conservatism. The analysis so far has assumed that encountering a 3 kV m' field guarantees a 
lightning strike. As we will see, this is not the case. 


We must first clarify one point: although a rocket trajectory through a cloud represents multiple time samples, 
it is considered a single effective sample from the distribution for risk purposes because of the strong 
correlation of electric field intensity along a trajectory and the negligible evolution of the cloud fields on the 
timescale of a rocket traversal. 
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Debris Clouds, Weibull Fits and Extrapolation to 3 kV/m in 
0 the 0-20 dBZkm Bin with Default Filters 


-NEXRAD, N=157 


teens sntenebeceeeee QU DMB ee ce decesedesesene fees fersseeeensenseenensneneedees 


~P.(E)=exp([-E/504 Vim)2-17] ; ; ae fee eee ' 
= -P(3kV/m) =2.11E-21 9 ~~ ; : — an oe 
i= [95%: 2.72E-79,3 .62E-6] = 
eT oe ee eee 
= “WSR74C, N=202 
= : = oti ae, (et | 
“P.(E)=exp([-E/421 Vim)'36) ee a 
ons ee Cee + ee WSR74C points 
fC P(SkVim)=S5.91E-7 | _fora flignton 
= : | 6/28/2000 for , 
< Saas ar Goat ae FA oo ; . which VAHIRR~1 5. 
Lo ie io \ <a boboE::: 
= : Upper 95% confidence 
oS ‘bound>1E-4 0 \ ae 
“Combined, N=270 Jel ELL 
_P,(E)=exp([-E/453 Vim)'49] J DN poke 
_P.(3kV/m) = 1.20E-7 __Weit | 
[95%: 9.73E-15, 3.83E-4] 
a ee eee 
10 10° 10 10° 


Electric Field Strength, E, V/m 


Figure A7-4. Statistical analysis: debris clouds are safe if VAHIRR<10 dBZ-km 
Note: Upper confidence limit for "WSR74C" and “Combined” are over the 10% nominal safety factor. 


Note that three WSR-74C points that fall far from the Weibull fits correspond to VAHIRR~15 dBZ-km 
during one flight on 6/28/2000 and would not pass the VAHIRR<10 dBZ-km threshold. 
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Anvil Clouds, Weibull Fits and Extrapolation to 3 kV/m in the 0-20 
dBZkm Bin with Default Filters 
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Figure A7-5. Statistical analysis: anvil clouds are safe if VAHIRR<10 dBZ-km 
Note: The 107 level is not achieved for E = 3 kV m" (see text). 


Now we address the issue of how much safety margin is folded into the 3 kV m' threshold and whether 
peeling back some (but not all) of that margin would lead to the conclusion that (1) Anvil clouds are safe at the 
0.01% level, and (2) no further ABFM data are immediately needed to resolve the uncertainties. Triggered 
lightning requires strong electric fields. A very conservative threshold of E=3 kV m' was chosen as the 
minimum electric field necessary to indicate a triggered lightning risk at anvil altitudes. (See Section A5.4.0 of 
Appendix 5, "Conditions for Triggered Lightning," for more explanation of this threshold.) A larger, 

20 dBZ-km, VAHIRR threshold (rather than 10 dBZ-km in the rule) is used in the analysis to increase sample 
size and to accommodate the error in the VAHIRR measurement itself. The ABFM II data (Figure A7-5) 
indicate that the “best estimate” probability of a >3 kV m' field is <0.03% when VAHIRR<20 dBZ-km. 
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Because a larger electric field is likely required to trigger lightning, the probability of triggered lightning is 
likely far less than 0.03%. 


ages Ss rie Set ev ax Eres ae 
All Anvils combined 
All Anvils combined 
All Anvils combined 
All Anvils nexrad 
All Anvils nexrad 
All Anvils nexrad 
All Anvils wsr74c 
All Anvils wsr74c 
All Anvils wsr74c 
Debris combined 
Debris combined 
Debris combined 
Debris nexrad 
Debris nexrad 
Debris nexrad 
Debris wsr74c 
Debris wsr74c 
Debris wsr74c 
*Note: the 95% bound is the upper confidence interval on P(E > E-) and reflects 
only the uncertainty in P(E > E,). It tells us mainly whether or not further 
ABFM data are needed to constrain P(E > E.), not whether a launch is safe. 


Table A7-1. Probability of exceeding a given electric-field threshold, E., vs. cloud type 


The 3 kV m’ threshold carries several margin factors. The smallest electrostatic potential spanned for 
triggering in a rocket-and-grounded-wire experiment was 3.3 MV. (See Section A5.4.3 of Appendix 5, 
"Conditions for Triggered Lightning," for details.) The experimental data ranged from 3.3 MV to 4.7 MV in 
nine cases, so triggering at 3.3 MV is far from certain. Dividing this potential by half the total length of the 
launch vehicle plus its conducting plume (an estimated 360/2 m for Titan) yields a minimum triggering field of 
~18 kV m’ at ground level. This field is then scaled in proportion to atmospheric density (~1/3 of surface 
density at 10 km altitude) to get ~6 kV m' at anvil altitudes. Analysis by Russian long-spark experts 
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(Bazelyan et al., 2007) suggests that the actual density scaling is very much weaker -- perhaps constant. A 
factor of 2 safety margin is included, yielding a minimum field of 3 kV m' for a triggered lightning risk. Three 
kV m' should not be interpreted as a realistic triggering threshold, for which it may be as much as six times 
too conservative. Even slightly higher values of the assumed electric field threshold for triggered lightning 
would bring the risk down well below 1/10,000. Specifically, Table A7-1 shows the tail probability for 
E.=3kV m!,4kV m', and5 kV m!. For E. >4 kV m", P(E > E,) is below 1/10,000 in all data slices. For 
E.>5kV m', even the 97.5% error bound on P(E > E.) is below 1/10,000 in all data slices. Since there is at 
least one arbitrary margin factor of 2 in E.~3 kV m', the likelihood of a triggered lightning strike is clearly 
well below 1/10,000. 


Comparison of Dr. Koons’s analysis to the “new” analysis. Why did the “new” analysis only meet the 1E-4 
threshold after the 3 kV m'! requirement was relaxed, while Dr. Koons’ analysis easily met the 1E-6 threshold 
at 3 kV m'? Dr. Koons analysis led to lower probabilities because it was, in general, confined to the tail of the 
data, whereas the new analysis had to fit the entire data set to be used both on anvil clouds and on the smaller 
debris clouds dataset. Because the tail drops off very steeply, an analysis focused on the tail can give lower 
probabilities of risk but is inherently less conservative and cannot be applied robustly to the small sample sizes 
present in the debris cloud database. 
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Appendix 8. Standoff Distances from Anvil and Debris Clouds 


In the anvil and debris cloud rules, the purpose of maintaining a stand-off distance from cloud edge is to avoid 
flight through electric fields high enough to support the possibility of triggering lightning, and to avoid natural 
lightning that might extend outside the cloud. Based on extensive discussion within the LAP, it was 
determined that fields less than or equal to 3 kV m’ at or below 10 km altitude are safe with a significant 
safety margin (see Sections A5.4.0 and A5.4.3 of Appendix 5, "Conditions for Triggered Lightning"). 
Therefore, the stand-off distances and conditions in the rules are designed to assure that fields above 3 kV m" 
are extremely unlikely to be encountered. 


Observations during an extensive ABFM II program in 2000 and 2001 showed that electric field magnitudes 
external to anvil and debris clouds were less than 3 kV m'! even in the immediate vicinity of the cloud 
(Merceret et al., 2008). A statistical analysis of the data showed that, when the conditions provided in the 
LLCC are satisfied, the probability of exceeding 3 kV m’ at or beyond a stand-off distance of 3 nmi is less 
than 0.0001. Within 3 nmi, the ice and VAHIRR constraints must be applied (see Appendix 7, "Physical and 
Statistical Basis for VAHIRR.") to ensure that high fields will not be encountered. 


The data set used for the statistical standoff analysis included all clouds of anvil or debris type, including those 
with bases below the 0 °C level; therefore, the "ice" constraint present in both "Anvil Clouds" Rules (there is 
no such constraint from "Debris Clouds") is not required by the statistical analysis, but is imposed on physical 
grounds (possible melting electrification) and to provide an additional safety margin. 


Two reports and an unpublished internal memorandum to the LAP describe statistical analyses of ABFM II 
data for purposes of determining standoff distances for rocket trajectories that would be safe with regard to 
triggered lightning: Merceret et al. (2008), O’Brien and Walterscheid (2007), and Merceret (Risk Analysis of 
Proposed Reduction of Anvil and Debris Cloud LLCC Standoff Distances from Five to Three Miles, as revised 
3 May 2007, unpublished internal memorandum, henceforth Merceret Memo). We present here an analysis 
(often verbatim) following O’Brien and Walterscheid (2007), but with the analysis broken down by anvil and 
debris clouds. The following analysis utilizes the ABFM II data set. For each entry, corresponding to a pass 
through a cloud, a series of electric field measurements is provided in 1.2 km bins with bin-centers spanning 
from about 12.6 km inside the cloud (negative distances) to 12.6 km outside the cloud (positive distances). 
Since each pass in this data set was horizontal, or nearly so, and since very few spiral ascents/descents or 
ladder profiles were possible (Dye et al., 2004), the resulting statistics strictly apply only to horizontal 
distances from cloud edge. Little is known about the dependence of field intensity on vertical distance above 
cloud top or below cloud bottom. The LLCC are launch rules only, however, and do not apply to return flight 
or landing, so horizontal standoffs are sufficient for safety in the present context. For the ABFM II data, cloud 
edge was determined by the automated algorithm described in Ward and Merceret (2004). The concept of 
"transparency" was not applied since no visual observations of these clouds were available. (See the rationales 
for “cloud” and “non-transparent” in Section G417.3, “Definitions,” for more on this issue.) 


Figure A8-1 shows profiles of electric field intensity on several passes through debris and anvil clouds. One 
pass through a debris cloud on 6 June 2001 was identified as a bad pass and removed from further analysis 
because of its proximity to an adjacent cloud. There are several other features to notice. First, there is no 
observation of > 3 kV m' outside any cloud (positive distances); thus any risk calculation must be an 
extrapolation. Second, nearly every trace flattens outside the cloud. For those traces that are not flat outside the 
cloud, there is no systematic variation with distance from the cloud edge. Therefore, it seems to be the case 
that the electric field intensity is not dependent on distance from the cloud edge. This is even true of clouds 
with > 3 kV m' observed inside. For statistical analysis, we cannot treat data taken from distance bins outside 
the same cloud as independent observations; therefore, grouping distance bins together increases only the 
apparent, not the effective, number of independent observations. 
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We have hypothesized two explanations for the lack of distance dependence for electric fields outside the 
cloud: (1) even at distances of ~10 km, the measurements are in the “near field” region of the cloud’s electric 
field, and thus the drop-off with distance is not yet apparent, or (2) the measurements outside the cloud 
represent an ambient field that, although it can be elevated relative to a typical fair-weather field, is not 
directly related to the presence of the cloud. As the data include observations more than 10 km outside the 
cloud, and there is clearly structure inside the cloud on smaller spatial scales, we favor hypothesis (2). As we 
will see, the lack of distance dependence supports small stand-off distances without significant risk. 
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Figure A8-1. Field magnitude vs. distance from cloud edge for anvil and debris clouds 


Since the Merceret Memo is not a published document, a brief summary of its contents is presented here 
before describing the more rigorous analysis ultimately used. In the memo, two arguments were presented. The 
first was qualitative rather than quantitative and read in full as follows: 


"A fortiori, the proposed rules are safer than the VAHIRR rules 

The VAHIRR rules permit flight through clouds that meet the VAHIRR criteria. (See Appendix 7, 
"The Physical and Statistical Basis for VAHIRR," and the rationales for the "Attached Anvils," 
"Detached Anvils," and "Debris Clouds" Rules.) The VAHIRR quantity is computed based on a 
"specified volume” that is a rectangular box 11 km wide, hence 5.5 km or 3 nmi each side of the point 
at which VAHIRR is being computed. If the computed value of VAHIRR is less than the threshold of 
10 dBZ-km specified in the rule, then flight through cloud is permitted as long as the associated 
constraints relating to nearby thunderstorms and lightning are satisfied. 


Since the cloud edge is defined by the 0 dBZ boundary, a VAHIRR box centered more than 3 nmi 
from the cloud edge will have no reflectivity in it from which to compute VAHIRR (which requires 
reflectivity > 0 dBZ). Thus the reflectivity, if any, in the VAHIRR range from the flight path will be 
less (hence safer) than the lowest value considered in the VAHIRR analysis. In addition, the flight 
path will be in clear air rather than in cloud, eliminating cloud particles as charge carriers or 
triboelectric charge sources. 


The proposed standoff distance is effectively equivalent to requiring VAHIRR < 0 dBZ-km, and thus 
has 10 dBZ-km of margin on it compared to the VAHIRR rules. In addition, the proposal applies to 
flight in clear air while VAHIRR permits flight through cloud. A fortiori, the proposed standoff rule is 
safer than the VAHIRR rule." 
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This a fortiori argument was not convincing to all of the LAP members. 


The second approach in the Merceret Memo was a quantitative statistical analysis of a subset of the data 
presented in the figures above limited to the region from 6 km to 12 km from the cloud edge. This region was 
selected because “there is relatively little variation in the statistical parameters except for those critically 
affected by single large values (max and kurtosis). Even the maxima and kurtosis values within this region are 
relatively stable. Based on this visual examination of the statistical properties of the individual distance bins, I 
combined the data from all bins between 6 km and 12 km. This yielded a sample size of 74 and covers the 
entire region of primary interest.” 


Within that region, a Gaussian representation of the data was generated and shown to match the data well as 
shown in Figure A8-2. 
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Figure A8-2. Probability distribution based on Figure A8-1, from the Merceret Memo 


Note: The cumulative probability, in normalized standard deviations, of encountering a given electric 
field between 6 km and 12 km outside the cloud edge. The ABFM II data were filtered to exclude clouds 
that did not contain fields > 3 kV m. The solid line is the Gaussian model having the same mean and 
standard deviation. 


Using the Gaussian model, Merceret concluded that the probability of the electric field magnitude exceeding 
3 kV m' or larger was smaller than 5 x 10°. The memo noted that the sample size was far too small for a 
rigorous assessment of the tails of the distribution and recommended a more rigorous extreme value analysis 
be conducted. 


That analysis was subsequently performed using a tail-fitting procedure for each distance bin outside the cloud 
to determine the likelihood of a > 3 kV m' electric field. We will see that, as the Merceret Memo argued, there 
is little chance of such a strong field in the vicinity of a debris or anvil cloud, even for the distance bin 
covering 0 km tol.2 km from the cloud edge. Taken together, these analyses suggest that there is little real 
risk, even at distances closer than the 6 km (3.23 nmi) considered by the Merceret Memo. 
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The analysis of the tail distribution of the electric field observations performed by Merceret in the context of a 
Gaussian, required a series of inductive steps, supported by the skewness and kurtosis of the data, in order to 
overcome the shortcomings of the Gaussian approximation. In this supplemental analysis, a more 
straightforward approach is used. 


In an attempt to improve upon Merceret’s Gaussian analysis, we have tried alternate tail distributions, 
including the generalized Pareto and the 2-parameter Weibull. The 2-parameter Weibull fits very well, and we 
will present only those results here. If we define Ps(x) as the probability of observing an electric field greater- 
than x, then the Weibull distribution is: 
Y 
P. (x) = exp| — =) 
Xo 


This distribution has the same tail shape as a Gaussian for y = 2, as an exponential for y = 1. 


For each spatial bin, we perform a maximum likelihood fit to obtain xo and 7. Figure A8-3 shows the tail 
distribution and the Weibull fit for each spatial bin. Whether we use data from all clouds or only for those 
clouds with > 3 kV m'! somewhere inside, we obtain the same result: the tail distribution is approximately 
Weibull in shape, with a variation in field intensity of less than a factor of 2 between spatial bins for any value 
of Ps in the tail. We note that it is common for the last one or two points in an empirical tail distribution to 
deviate from the trend implied by the rest of the tail; this is almost certainly a plotting artifact (the ordinate 
value chosen for visualization has an uncertainty on the order of 100% in the tail of the sample due to its finite 
size). 
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Figure A8-3. Probability distributions from Figure A8-1, with extreme value analysis 
Note: Weibull fits are given to tail distributions for electric fields outside debris and anvil clouds. Each 


color corresponds to a different spatial bin, and solid curves indicate Weibull fits. The critical threshold 
defining the triggered lightning hazard is at 3 kV m” on the right of each plot. 
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Based on the Weibull fits, it is possible to extrapolate the tail of each distribution to the 3 kV m' critical value. 
Table A8-1 shows that for the first several spatial bins, even the one closest to the cloud edge, the probability 
of exceeding a 3 kV m' electric field is less than one in a billion. 


Standoff | Debris* Anvil 


0.6 km 5.4E-11 | 9.40E-12 
1.8 km 3.7E-13 | 8.60E-13 
3.0 km 7.7E-11 | 1.80E-13 
4.2 km 6.3E-11 | 5.50E-12 
5.4km | 4.3E-10 | 3.40E-15 
6.6 km 8.8E-11 | 6.80E-20 
7.8 km 2.6E-10 | 1.40E-16 
9.0 km 6.8E-12 | 1.20E-14 


*Note: Bad pass removed 


Table A8-1. Probability of a >3 kV m" field vs. distance outside the cloud 


Note: These values are computed separately from Weibull fits for anvil and debris clouds and for 
different range bins. 


While the data set is too small for a proper extreme value analysis, this simpler procedure of fitting the tail and 
extrapolating is probably more realistic than the Gaussian-based calculation employed in the Merceret memo. 
Nonetheless, both our Weibull analysis and Merceret's analysis share the same conclusion: there is no added 
risk to allowing closer approach to the clouds. In fact, the absence of a trend with distance outside the cloud 
suggests that a standoff distance smaller than a kilometer may be allowable. 
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Appendix 9. Application of Weather Radar to LLCC Evaluation 


A9.0 Introduction 

Weather radar is used in the LLCC for three distinct purposes: locating cloud boundaries in three dimensions; 
determining the presence and intensity of precipitation; and computing VAHIRR. In all three cases, there are 
conditions that may occur with the operation of a weather radar which may compromise the accuracy or 
reliability of the measurement. This appendix discusses some of those conditions and their consequences. The 
Launch Operator must be aware of these concerns and exercise due diligence to ensure that measurements 
used to evaluate the LLCC are valid. 


This appendix does not address the calibration of radar systems, but presumes that any radar system used to 
evaluate the LLCC will be properly maintained and calibrated. Proper calibration includes correct alignment of 
the azimuth and altitude angles to within several tenths of a degree. A one degree error at a range of 60 km 
causes a kilometer of error in the reported echo position. This is especially critical in the altitude angle when 
cloud base and cloud top heights are being measured. Proper calibration also includes end-to-end calibration of 
the radio frequency (RF) pathway from the transmitter, through the antenna to the target, back through the 
antenna and into the receiver to within about 1 dB. Any error in the RF calibration will translate directly into 
errors in precipitation and VAHIRR measurements. 


This appendix addresses errors that occur with properly calibrated radars due to the properties of the 
environment in which the radar operates and its interaction with that environment. These errors may affect 
either the location or the amplitude (or both) of an echo as reported by the radar. 


A9.1 Location Errors 

Location errors are caused primarily by anomalous radio propagation conditions. In a vacuum, radio signals of 
any frequency travel in a straight line at the speed of light, c. In the atmosphere, radio signals travel at a speed 
c’ that is frequency dependent and slightly slower than c. The radio index of refraction n = c/c’ in the 
troposphere is determined by the temperature and absolute humidity of the air and varies with height. At sea 
level for microwaves, n is about 1.0003 (Doviak and Zrnic, 1993, Section 2.2.2). 


The important thing about n is its gradient. When radio waves propagate into a medium with n-gradients, they 
are refracted (bent) toward the higher values of n. Instead of propagating in a straight line, microwaves in the 
atmosphere are generally bent toward the earth because n usually decreases with height. Under what are 
defined as standard conditions, the height above the earth is the same as that which would occur if the signals 
propagated in a straight line above an Earth with a radius equal to 4/3 the actual Earth radius (ibid). Radar 
system software is designed to convert the measured range and altitude angle to reported horizontal distance 
and height above ground assuming these standard conditions. 


Unfortunately, conditions in the atmosphere are not always “standard”. Low-level temperature inversions can 
increase the gradient of the index of refraction and cause the radar beam to bend more sharply than standard, 
and even to intersect the ground at some distance from the radar. This can result in false echoes called 
“anomalous propagation” or AP. It can also make cloud features appear to be at much higher altitudes than 
they really are. In a pair of case studies, Wheeler (1997) examined serious discrepancies between cloud top 
heights reported by radar and those reported by reconnaissance aircraft during two Delta launch operations 
from Cape Canaveral Air Force Station. In both cases, low-level inversions resulted in cloud tops being 
reported 2 to 4 km higher by the radar than their actual height. Under conditions where the index of refraction 
gradient is less than standard, the opposite effect will take place: the reported cloud heights will be lower than 
the actual heights. Either effect can result in a cloud appearing to be at an altitude where LLCC constraints are 
satisfied while it is actually at a height where the LLCC are not satisfied. 
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Although the effect is not often noted, difference of the index of refraction gradient from the standard value 
also affects the measured range to the target. Details are provided in Doviak and Zrnic (1993, Appendix A). 
The Launch Operator should examine sounding data (which usually includes the microwave index of 
refraction) to determine if significant departures from standard conditions exist. These effects increase with 
range from the radar, and if more than one radar is available (at more than one range from targets of interest), 
comparison of the observations may enable an assessment of the magnitude of the induced errors, if any. 
Aircraft observations may be necessary in cases of severe departures from standard such as those reported by 
Wheeler (1997) above. 


A9.2 Magnitude Errors 

There are several potential sources of error in measuring the logarithmic magnitude, dBZ, of the radar 
reflectivity of a cloud of interest in the atmosphere. These include incomplete beam filling, scan gaps, 
attenuation due to water on the radome of the radar system, and attenuation due to precipitation between the 
radar and the target. Each of these is discussed here. 


Beam filling problems occur when the target of interest is small in relation to the size of the radar beam at the 
target location. If a cloud occupies less than the entire volume of a radar sample, the sample will reflect less 
energy than it would if the entire sample volume were occupied by cloud. This will result in the radar seeing a 
target in that volume with a reflectivity smaller than the actual value within the cloud. Since the angular beam 
width is constant with range (on the order of 1 degree for most weather radars), the physical size of the beam 
expands linearly with range. As a result, a feature that more than fills the beam at close range may fill it 
incompletely at longer range. Using the Eastern Range WSR-74C for specific examples, we can calculate that 
features on the order of half a kilometer in size are fully captured at ranges less than 20 km but are reported to 
about 3 dBZ below the actual value at 40 km distance and near 8 dBZ below at 100 km (Merceret and Ward, 
2002, Table 4). Features larger than 2 km are fully captured out as far as 90 km. 


Scan gaps are the spaces between radar beams where cloud material may be present without being seen by the 
radar. An example is given in Figure A9.1 taken from Taylor (1994, Figure 3.3). 
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Figure A9-1. Radar beam coverage for 'Volume Coverage Pattern 11' of the WSR-88D radar from 
Taylor (1994, Figure 3.3) 
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At a range of 50 km, for example, the figure shows that there is a gap of more than 2 km between the top two 
beams of the WSR-88D VCP 11 scan strategy. If a cloud at 50 km range in the example has its top at 16.5 km, 
the radar will report the top at 15 km because that is the height of the highest beam that sees the cloud. This 
1500 meter underestimate of the cloud top height could result in underestimating the cloud thickness by a 
similar amount if the cloud base is at a lower altitude where the scan gaps are much smaller or non-existent. 
That could, in turn, result in the erroneous appearance that an LLCC such as the "Thick Cloud Layers" Rule, 
G417.19, is satisfied when it actually is not. Obviously this problem is aggravated if the altitude of the actual 
cloud top is within the cone of silence. 


Attenuation of the radar signal is an obvious problem. If the signal is attenuated on transmission, reception or 
both, the reported dBZ value will be less than the actual value, and conditions will appear safer than they 
actually are. LLCC that depend on radar reflectivity values such as the VAHIRR criteria may appear satisfied 
when they are not. There are two primary sources of attenuation in a properly calibrated radar: Absorption by 
water on the radome at the radar installation and absorption or scattering by precipitation between the radar 
and the target of interest. Each is discussed below. 


When precipitation occurs at the radar site, the radome will be wetted by rain or, in colder climates, possibly 
partially covered by snow. Water absorbs microwave radiation, both outgoing and incoming. The extent of the 
absorption depends on the amount of water and the microwave frequency. To minimize the amount of water 
that adheres to the radome, modern radar systems like the WSR-88D use hydrophobic coatings that shed 
water. Older radar systems such as the WSR-74C may not have such coatings. Merceret and Ward (2002) 
developed an empirical formula for the two-way attenuation through a radome on which precipitation is 
falling. Table A9-1 below shows the attenuation for S-band and C-band radars with hydrophobic or non- 
hydrophobic (denoted “standard” in the table) radome coatings. 


a hr?) Hropbonte_| Standart _| Hopbonte_| Standart 
| =k ti] i—“‘Y;*‘éiOOOR:!UTUULUlUlONO CY 


it ts or 8 


[02 [ose 06 9 
100 
ae ae a a Fe ee Ss ee ee 


Table A9-1. Attenuation vs. rain rate for standard and hydrophobic radomes 


Note: Values were computed at S-Band and C-Band, based on an empirical formula (Table 2 from 
Merceret and Ward, 2002). 


It is clear from the table that the use of a hydrophobic radome results in significantly less attenuation at any 
frequency or rain rate, and that use of a lower frequency results in lower attenuation for any given radome and 
rain rate. The WSR-88D is an S-band radar with a hydrophobic radome, and appears to have acceptable 
performance even with rainfall rates approaching 100 mm hr" over the radar site. 


The other primary source of attenuation is the presence of precipitation between the radar site and the location 
at which a quantitative measurement is sought. This attenuation depends on the intensity and extent (along the 
transmission path) of the precipitation, as well as on the frequency being used. Doviak and Zrnic (1993), 
Section 3.3, gives a thorough discussion of this issue. Since the extent of precipitation is unique to each 
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individual situation, the specific attenuation, K,, measured in dB km’ is examined as a function of radio 
frequency and reflectivity (or equivalent rainfall rate) of the intervening precipitation. The actual attenuation is 
obtained by integrating K, along the transmission path twice (once outgoing and once coming back). 


The value of K, is found to be given by a power law of the form 
K,=aR? 


where R is the rainfall rate in mm hr" and the parameters a and b increase with increasing radio frequency. For 
the S-band WSR-88D, a= 0.000343 and b = 0.97. For C-band radars, a = 0.0018 and b = 1.05. For 
wavelengths shorter than 5 cm, the values change rapidly so that at X-band (3 cm) a= 0.01 and b = 1.21 (ibid). 


A9.3 Sources of Error Affecting Both Location and Magnitude 

The primary sources of error affecting both the location and magnitude of displayed radar returns in a properly 
calibrated radar system are the existence of sidelobes in the antenna pattern, and the finite angular size of the 
main lobe. Donaldson (1964) examined both of these effects using model reflectivity distributions and model 
antenna beam patterns. He found that in the worst cases he modeled, errors in cloud top height exceeding 

10 km and errors in reflectivity approaching 10 dBZ occurred. These large errors resulted in part from his 
methodology that depended on defining cloud top as that altitude at which the reflectivity became less than the 
minimum discernable signal (MDS) for the radar at the applicable range. They occurred primarily at large 
ranges (> 50 nmi) when the models contained extreme (~ 70 dBZ) reflectivity values. 


Modern weather radars have smaller sidelobes than assumed by Donaldson. For example, the WSR-88D has a 
first (largest) sidelobe two-way amplitude that is 54 dB below the main lobe (Doviak et al., 2000). Donaldson 
assumed a two-way value of only 40 dB down. In addition, these LLCC use a fixed radar threshold of 0 dBZ 
for cloud boundaries rather than the MDS used by Donaldson. That was one of the recommendations 
Donaldson made (ibid, section 7) for reducing these effects. NOAA (2010) indicates that for the WSR-88D 
“any possible increase in returned power due to sidelobes is usually negligible.” When it occurs, it is limited to 
“intense convection at close range” (ibid) and requires a reflectivity gradient of about 10 dBZ per radial 
sustained over at least 5 degrees of azimuth (ibid). When using radar to evaluate these LLCC, the effects of 
sidelobes may be infrequent to rare, but the Launch Operator should remain alert to the possibility in strong 
storms with large reflectivity gradients. 
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Appendix 10. Physical and Statistical Basis for MRR 


A10.1 Introduction 
Soon after the original Volume-Averaged Height-Integrated Radar Reflectivity (VAHIRR) quantity was 


justified statistically (see Section A7.2 of Appendix 7, "Physical and Statistical Basis for VAHIRR") and 
incorporated into the LLCC, it was found that VAHIRR could not be accurately computed in an operational 
setting. This led to the introduction of a "work-around" (see "Interim Instructions for Implementation of 
VAHIRR, dated 28 October 2004," in the original Rationale Document), based on an upper bound on 
VAHIRR, which was also cumbersome but could be computed at the Eastern Range and was found to increase 
launch availability there. Additionally, analysis subsequent to ABFM II found that there was considerable 
uncertainty in accurately determining the thickness of the anvil or debris cloud in question. This is because the 
angular increments between successive elevation sweeps of the radar antenna are not uniform and also because 
there are often gaps in coverage at higher elevation angles. Furthermore, different radars are likely to have 
different scan strategies. These difficulties, together with the partial success of the "work-around," prompted a 
search for an alternative, more readily-available radar quantity that could replace VAHIRR in the new LLCC. 


A10.2 Physical Basis for MRR 

Early examination, even during the first field campaign, of different anvil or debris cases of the ABFM II data 
set showed that, when the Citation flew from regions with radar reflectivity less than approximately 10 dBZ 
into regions with greater reflectivity, the in-situ vector electrostatic field often increased abruptly to 
thunderstorm strength fields. An example of this is shown in Figure A10-1 below. 
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Figure A10-1. Microphysics, vector electrostatic field, and radar data along a sample aircraft pass 
(Adapted from Dye et al., 2006b, Figure 2). 


When the entire ABFM II data set for anvils and debris clouds was examined, it was found that the radar 
reflectivity averaged over a volume, plotted versus the aircraft measured vector electrostatic field, showed a 
threshold of reflectivity below which the vector electrostatic field was small. This discovery eventually led to 
the development of the radar parameter, Volume-Averaged Height-Integrated Radar Reflectivity (VAHIRR), 
to serve as a proxy for the possibility of elevated vector electrostatic fields in anvil and debris clouds that 
might constitute a triggering hazard to a space launch. More detail about the ABFM II dataset, its analysis, 
and the development of VAHIRR can be found in Dye et al. (2006a) and Section A7.1 of Appendix 7, 
"Physical and Statistical Basis for VAHIRR." After finding that VAHIRR was difficult to implement 
operationally, the LAP asked a few individuals to examine other parameters in the ABFM II archived data files 
that were operationally feasible and might also be robust. The only parameter found in the data set that met 
both of these requirements was 'MAX11x11_0,' the maximum radar reflectivity exceeding 0 dBZ in an 
11x11 km column extending from 5 km altitude to the radar top of the cloud. In the LLCC this column is 
referred to as the Specified Volume. This radar parameter is now called 'Maximum Radar Refelectivity 
(MRR). 
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Comparison of MRR with VAHIRR showed that MRR had the same overall behavior as VAHIRR, namely 


that below a certain value the measured vector electrostatic field was small. This is illustrated in Figures A10-2 
and A10-3. 
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Figure A10-2. VAHIRR (avg11x11_0 x thick11x11_0) plotted versus the measured vector electrostatic 
field magnitude at the aircraft (em_m). 

Note: The plot includes all anvils with bases above 5 km of the ABFM II data set (no filtering according 
to fracl1x11_0 -- see below). The blue lines indicate the triggering field threshold (3 kV m‘!) and the 
existing VAHIRR threshold (10 dBZ-km). 
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Figure A10-3. MRR (max11x11_0) versus measured vector electrostatic field magnitued at the aircraft 
(em_m) for all anvils with bases above 5 km of the ABFM II data set. 


Note: The blue lines indicate the triggering field threshold (3 kV m‘) and the proposed MRR threshold 
(7.5 dBZ). 


A10.3 Statistical Basis for MRR 

This section documents the statistical justification for a new parameter, "Maximum Radar Reflectivity (MRR)" 
computed within the same 11x11 km column (the ‘specified volume') as VAHIRR was, that is both easy to use 
during operations and at least as safe and as effective at increasing launch availability as VAHIRR. The MRR 
threshold we chose for statistical analysis is 9 dBZ, for which we concluded that a launch rule requiring 

MRR < 7.5 dBZ would be safe. We chose a lower launch threshold to provide a safety margin in case of 
uncertainty in the calibration or digitization of operational radar tools. 
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We show here that there is less than a 1 in 10,000 chance of a lightning strike during a launch using the new 
radar parameter, 'MRR.' We consider there is a negligible probability of a lightning strike for in situ vector 
electrostatic fields aloft below 3 kV m'. There is at least a factor of 2 safety margin built into that threshold, 
but we lack data to formally reduce that margin. Therefore, we are trying to estimate the probability of a field 
>3kV m' from ABFM data for an MRR-based launch commit criterion. 


We face several challenges. Our ABFM sample sizes will not admit direct calculation of the probability of 
>3 kV m' fields because we have chosen launch criteria that make such fields extremely rare (1 in 10,000 
which far exceeds the effective ABFM sample size). Therefore, we must perform some kind of extrapolation. 
The ABFM data are serially correlated because they are taken along an aircraft flight trajectory through a 
cloud and adjacent time points in the series are not far enough apart spatially to be considered independent 
cases. Thus serial correlation reduces our effective sample size and sometimes distorts the apparent shape of 
the statistical distributions we are working with. Finally, the radar data are imperfect, e.g., due to scan gaps. 


MRR analysis. Where systematic rules and corresponding data filters are practical, we have developed them to 
remove potentially faulty data from the analysis and from consideration for launch commit criteria. Specific 
definitions of the following quantities can be obtained from the ABFM website, 
http://abfm.ksc.nasa.gov/page_info/merged_ascii_info.html, where MRR is called "max11x11_0" and the 
magnitude of the vector electrostatic field at the aircraft is called "em_m": 


e NOT (invoid_{radar} > 1): Exclude points where any part of the 11 km by 11 km column is in the 
cone of silence of the radar being evaluated 

e NOT (core_20km > 1): Exclude points where the aircraft is < 20 km from > 35 dBZ at 4 km or above 
(considered an active core) 

e NOT (darm5 > 2): Exclude if 2 LDAR VHF sources in previous 5 minutes within 20 km of the 
aircraft 


e NOT (cgm5 > 1): Exclude if 1 cloud-ground stroke from CGLSS within previous 5 minutes within 
20 km of the aircraft 

e basel1x11_0=5 km: Exclude if cloud base altitude is less than 5 km, a proxy for the freezing/melting 
level 

e NOT (atten_74C > 1): Exclude 74C data if attenuation is likely based on manual analysis of the case 

e = fracl1x11_0 > 0.1 —used only with VAHIRR to ensure sufficient filling of the specified volume for 
the VAHIRR calculation (see A7.1 of Appendix 7, "Physical and Statistical Basis for VAHIRR) 

e Use only 10 second average data in the analysis 


We also break the data set into two sets, all Anvil clouds and only Debris clouds. Table A10-1 shows the 
results of applying these filters (except fracl1x11_0, which is applied only to VAHIRR). We will analyze data 
by each radar (NEXRAD, WSR-74C) individually and in a combined manner. When combining radars, if both 
provide a reflectivity value for the same ABFM sample, we prefer NEXRAD when the range to NEXRAD is 
75 km or less; otherwise we prefer WSR-74C. The 75 km limit is imposed on NEXRAD data because 
NEXRAD thresholding increasingly limits values to > 0 dBZ as range increases beyond 75 km. 


228 


Initial Sample: 105,433 points 


After Main Filters: 16,880 
(invoid, atten, core_20km cgm5, Idarm5, base) 


After removing 30sec, G2, G3: 10,086 
Debris: 1,489 Anvils:6,062 


NEXRAD: | WSR74C: | Combined*: | NEXRAD: | WSR74C: | Combined* : 
578 


Table A10-1. Filter breakdown. 


Next, we use a variety of scatter plots to examine the data. Figure A10-4 shows an example for the MRR 
parameter. Examining such a scatter plot, we determine that no 3 kV m' fields are observed for MRR less than 
about 10 dBZ. That defines the region we will explore for a launch commit rule based on 'MRR..' The scatter 
plot analysis might also reveal suspect points. We can investigate such points to determine if our filters are 
incomplete or if the particular case is somehow misidentified. For example, we examined the points for Debris 
clouds (Figure A10-4, top) between 1 kV m' and 2 kV m' at MRR < 10 dBZ and determined that they are, in 
fact, valid. 
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Figure A10-4. An example scatter plot: vector electrostatic field magnitude at the aircraft versus MRR. 
Note: The plot is color coded by the altitude of the maximum reflectivity within the column, 


"alt_max11x11_0", for Debris clouds (Figure A10-4, top) and Anvil clouds (Figure A10-4, bottom) for 
NEXRAD. 
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Once the scatter plots have suggested that a given parameter is promising, we make a preliminary selection of 
a rule threshold for the radar parameter. In this case, we select MRR < 9 dBZ as a candidate rule. We group the 
data for this bin and several more permissive bins to examine how the probability of large vector electrostatic 
fields depends on the radar parameter. Within each bin, we fit the vector electrostatic field magnitude to a 
2-parameter Weibull distribution (Evans et al., 2000). Figure A10-4 provides an example fitting in several bins 
of MRR. The figure shows that as the value of MRR increases, the risk of large vector electrostatic fields 
increases, and also that for the lowest bin (MRR < 9 dBZ) a Weibull shape is a good fit. 
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Figure A10-5. Weibull distribution fits for several bins of the MRR parameter for all Anvil clouds and 
NEXRAD. 


Note: Solid lines with dots indicate the sample distribution, while dashed lines indicate Weibull fits. 


Next we collect the lowest-bin Weibull fit results for all three radar sets (NEXRAD, WSR-74C, and 
Combined). Figure A10-6 shows the empirical distributions (rough solid lines with dots), the Weibull fits 
(smooth solid lines), and upper and lower bounds of the 95% confidence interval for the empirical distribution 
(dashed lines). Each color is a different radar. The slight flattening in the lower bound (dashed lines) at high 
field magnitude is an artifact of a short-cut in the calculation of the error bound and is not meaningful. The text 
in each figure provides summary information for each distribution. The radar is given with the sample size in 
brackets (for debris, NEXRAD has 155 samples within the bin). Next the Weibull fit itself is given in equation 
form. Then the probability of exceeding 3 kV m' is given (1.01E-6 for NEXRAD for Debris clouds). Finally, 
the 95% confidence interval on the 3 kV m' exceedance probability is given (1.04E-14 to 2.68E-3 for 
NEXRAD for Debris clouds). The error bar accommodates a factor of 10 reduction in the effective sample 


size, as deduced from the observed serial correlation in the data (see further discussion in Section A7.2 of 
Appendix 7, "Physical and Statistical Basis for VAHIRR"). 
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Figure A10-6. Lowest-bin Weibull analysis for Debris (top) and Anvil (bottom) clouds in the 
MRR <9 dBZ bin. 
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Next we explore the trade-off between launch availability and risk. Specifically, we vary the upper limit of the 
lowest bin (which bounds our candidate launch commit criterion) to determine how it controls sample size and 
probability of exceeding 3 kV m' field strength. We note that sample size is only a coarse, relative indicator of 
the launch availability. That is, given a fixed number of anvil or debris cases in the ABFM dataset, the more of 
them that fall below the chosen threshold, the less launch availability is likely to be restricted. The LAP 
believes that for large differences in sample sizes between different radar parameters, the sign of the difference 
is likely to be a valid indicator of a difference in launch availability, and that relative changes in the sample 
size due to the variation of the rule threshold (but not the radar parameter on which the rule is based) are likely 
valid indicators of the relative changes in launch availability provided by those different thresholds. Figure 
A10-7 shows a hodogram of the probability of exceeding 3 kV m' versus sample size parameterized by the 
threshold of the lowest bin for 'MRR.' For example, where the blue 7.0 appears, the WSR-74C radar indicates 
that a sample size of 200 is obtained and a risk of exceeding 3 kV m’ is just above 1E-6. While the numbers 
do pile up on each other, we can see that, except for highly uncertain values at sample sizes below 100, the risk 
of 3 kV m' fields does not exceed 1E-4 for either radar alone or for the combination until MRR reaches 

18 dBZ to 19 dBZ. Thus, any rule for MRR less than 18 dBZ is safe for Debris clouds. 
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Figure A10-7. Hodogram of risk versus availability for Debris clouds as a function of MRR threshold. 


We perform the hodogram analysis for Anvil clouds as well. Figure A10-8 shows that for WSR-74C the risk is 
slightly above 1E-4 for any threshold on MRR up to almost 10 dBZ, with statistical fluctuations causing the 
hodogram to zig-zag up and down. Beyond 10 dBZ the risk trends upward. NEXRAD, on the other hand, has a 
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clear trend of risk versus sample size or MRR threshold and also crosses 1E-4 for a threshold of around 
10 dBZ. For NEXRAD, MRR < 9 dBZ is clearly safe. For WSR-74C we have to examine our margin analysis, 
as we did for VAHIRR. 
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Figure A10-8. Hodogram analysis of risk versus availability for Anvil clouds 


When we selected the VAHIRR rule of 10 dBZ-km (see Section A7.2 of Appendix 7, "Physical and Statistical 
Basis for VAHIRR"), we actually analyzed a bin of 0 dBZ-km to 20 dBZ-km and found that it did not quite 
meet the 1E-4 probability of exceeding 3 kV m'!. We justified that choice because there was margin in the 
selection of 10 dBZ-km rather than 20 dBZ-km for the rule, and because there is one arbitrary factor of 2 in the 
3 kV m' threshold. When we examined the probability of higher fields, 4 kV m', 5 kV m', and6kV m', we 
found that the probability (and the upper error bound on that probability) dropped very rapidly, suggesting we 
still had adequate safety margin with a 10 (or 20!) dBZ-km VAHIRR rule. We have followed the same logic 
for the MRR rule. Table A10-2 shows that MRR < 9 dBZ is safe at 1E-4 for 4 kV m' fields, and even the 
upper bound on the probability of exceedance is below 1E-4 for fields at 6 kV m'!. 
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Table A10-2. Margin analysis for a MRR < 9 dBZ rule. Cases satisfying the nominal criterion of 
exceedance probability less than 10“, are shaded green. 


We re-calculated the above kinds of analyses for VAHIRR to make a direct comparison to the newly proposed 
MRR rule. Table A10-3 shows how these two rules compare in terms of probability of exceedance at 3 kV m', 
of the upper error bound on that probability, and of sample size. Note that MRR < 9 dBZ performs better than 
VAHIRR < 20 dBZ-km in almost every row of the table and especially for the NEXRAD dataset. Once we 
determined that MRR was a good substitute for VAHIRR, we examined thresholds of 7.5 dBZ and 9 dBZ. We 
note that they give similar results, differing in sample size and in the fluctuation of the WSR-74C probabilities 
(which, for Anvil clouds, are insensitive to the MRR threshold, as shown in Figure A10-8). We do not 
consider the statistical fluctuations in the WSR-74C probability, i-e., changing from 1.39E-4 for a threshold of 
9 dBZ to a slightly higher probability of 1.93E-4 for a lower threshold of 7.5 dBZ, to be meaningful. The 
hodogram makes it clear that this is a statistical fluctuation, not a trend. 
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Table A10-3. Comparison of two possible MRR thresholds with the original VAHIRR threshold in 
terms of both probabilities of exceedance and sample size. Cases violating the nominal criterion of 
exceedance probability less than 10“, are shaded in yellow. 


A10.4 Conclusion 


We have analyzed MRR as an alternative to replace VAHIRR in the LLCC. We selected MRR for the new 
LLCC, based on analysis of 7.5 dBZ and 9 dBZ thresholds. For the rule, we selected the lower 7.5 dBZ 


3.01E-26 7.67E-6 


48 112 


1.02E-12 1.82E-6 


144 183 


1.02E-12 1.90E-7 


145 186 


threshold because it includes some margin on the operational determination of 'MRR.' Therefore, we 


recommend a rule change to replace VAHIRR < 10 dBZ-km with MRR < 7.5 dBZ. 
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Appendix 11. Sample State Tables 


To better illustrate the structure of individual complex LLCC, two-dimensional charts are included here to 
represent the "Cumulus Clouds" rule, G417.9 (see Figure Al11-1), the "Attached Anvil Clouds" rule, G417.11 
(see Figure A11-2), the "Detached Anvil Clouds" rule, G417.13 (see Figure A11-3), and the "Debris Clouds" 
rule, G417.15 (see Figure A11-4). It must be understood that these charts do not replace the written rules but 
are offered only as an aid to understanding their structure. The color coding of the various cells in these 
tables is that green indicates that launch is not prohibited, yellow indicates that launch is prohibited unless 
some additional condition(s) are met, and red indicates that launch is prohibited. Note that "not prohibited" 
here does not mean "allowed" but only that the particular constraint represented by the cell does not forbid 
launch. (There may be other contemporaneous constraints, either in the same rule or in others, that do prohibit 
launch.) Consider just two examples that show the various features of these ‘state tables’: 


The columns in Figure Al 1-1 correspond approximately to successive sections of the "Cumulus Clouds" rule. 
For example, the middle column, headed "0 nmi < D <5 nmi," corresponds to G417.9(c) and requires that 
there be no launch if a cumulus cloud with a top temperature < -10 °C is < 5 nmi from the flight path. Two 
other aspects of this rule are worth noting, however. 


1) It is now explicitly stated, both in the state table and in the rule itself, that the "0 nmi < D < 5 nmi" column 
(rule section) does not apply to flight through the cloud. (The "through" condition is covered in a separate 
column, the second in the table, and two separate rule sections, G417.9(b)(1) and G417.9(b)(2), and is 
discussed in (2) below.) Note the cell in the middle row of the middle column, labeled "-10 °C < T<-5 °C" 
and "0 nmi < D <5 nmi," for which launch is not prohibited. Since the lower bound on the temperature range 
is now explicit, it is no longer possible to justify an incorrect reading of this section, e.g., that launch is 
permitted within 5 nmi of a cloud with a top colder than -10 °C. Thus the prior ambiguities present in this rule 
have been eliminated. 


2) The yellow cell in the column labeled "Through" and the row labeled "-5 °C < T<+5 °C," which 
corresponds to rule section G417.9(b)(1), imposes additional requirements on electric field measurements and 
precipitation rates. This represents a third variable (besides cloud-top temperature and standoff distance) and 
illustrates a fundamental problem with trying to represent these rules in two-dimensional state tables. It is 
hoped that the yellow color of, and the inscriptions within, such cells are sufficiently clear to suggest the 
details in the written rules themselves. 


The second example to be discussed here is Figure A11-3, corresponding to the "Detached Anvil Clouds" rule, 
arguably the most complex of all. Here a third dimension, satisfaction of the radar-reflectivity MRR’) and 
frozen requirements [see sections G417.25(a & b) and G417.13(b)(2)G & ii) or G417.13(c)()G & ii)], is 
illustrated by two component tables: the first for lack of satisfaction of one or more of these conditions and the 
second for satisfaction of all three. Yet further dimensions (involving time since detachment, electric field and 
reflectivity measurements, or frozen clouds) are indicated by the various yellow boxes. 


The main thing to notice about this example is that there are no overlaps among rows or among columns as 
there had been in the prior version of the "Cumulus Clouds" rule; the waiting-time and standoff-distance 
ranges are always bounded on both ends. This makes the written rule more complex, but it makes the logic 
behind it and the corresponding state table simpler, and it avoids any potential ambiguity or contradiction 
between the different rule sections. 
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Figure A11-1. State table for G417.9, the "Cumulus Clouds" rule. 
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Figure A11-2. State table for G417.11, the "Attached Anvil Clouds" rule. 
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Figure A11-4. State table for G417.15, the 'Debris Clouds" rule. 
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